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LIFE-FORMS AND PHYTOCLIMATE 


STANLEY A. CAIN 
Cranbrook Institute of Science, Bloomfield Hills, Michigan 
C’est dans la beauté absolue des formes, c’est dans Il’harmonie 


et dans le contraste qui naissent de leur assemblage, que 
consiste ce que l'on nomme le caractére de la nature dans 


telle ou telle région. 
A. von Humboldt, 1807. 


Probably every science has had periods in its development when 
some phase was in fashion and courted by the scientifically sophis- 
ticated. In botany, emphasis has at one time or another been 
placed on taxonomy, geography, ecology, physiology, vascular 
anatomy, embryology, cytology, and genetics. In the same way, 
ecology has experienced vogues in the study of physiological 
ecology, growth-form adaptation, succession, quadrat analysis of 
the community, atmometry, hydrogen-ion concentration of the soil, 
osmotic concentration of cell sap, pollen analysis, etc. Such peaks 
of activity often result from the initial efforts of some leader or the 
development of suitable instruments and techniques. Always there _ 
is an over-emphasis during such phases of activity, while the use- 
fulness of the technique or point of view is finding its place in the 
whole field of study; and there often follows a period of unpopu- 
larity and neglect of the field. The latter phase does not result 
from the fact that the subject has been exhausted, nor even that 
the cream has been skimmed from it, but partly at least as a 
reaction to over-emphasis and false or too broad claims for the 
results. Such has been the fate of the study of life-forms and 
physiognomy of vegetation. 


A BRIEF HISTORICAL SKETCH OF LIFE-FORM STUDY 


Although man has always been aware of certain major life-form 
differences among plants (grass, herb, tree, shrub, undershrub— 
Theophrastus), his early interests were in the uses of plants and, 
as the science of botany developed, in their description and classifi- 
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cation. His first interest in plant communities was floristic, and 
it was not until Humboldt (39) that the concept of growth-form 
was formalized. Humboldt attempted a grouping of vegetational 
types on a physiognomic basis, and there was some but not much 
effort on his part to express relations between the environment and 
such life-form groups as the cactus-form and the banana-form'. 
After several decades Kerner (45) established a series of purely 
morphological forms as distinct from the systematic position of 
plants in the various genera and families. Grisebach (34) built 
his system on Humboldt’s ideas and emphasized the dependence of 
life-forms upon climate. Drude (26), who has been followed in 
more or less detail by many later students of the problem, em- 
phasized the role played by the particular species in the vegetation 
and its life history, especially duration, protection and propagation, 
under the prevailing conditions of the habitat. A quarter of a 
century later (27) he attempted to classify the ecologically uni- 
form members of systematic groups upon a combined morphologi- 
cal-taxonomic basis. 

Warming (66) considered the adaptation of plants to the un- 
favorable seasons of the climate, to the conditions prevailing dur- 
ing the growing season, and to the conditions of the soil. In his 
classification he emphasized: a) the duration of the vegetative 
shoot; b) the length and direction of shoot development; ¢) the 
position and structure of the renewal buds; d) the size of the 
plant ; ¢) the adaptations of the assimilation organs with respect to 
water loss; f) the competitive and social capacities of the plant. 
Schimper (61) reemphasized the physiological-adaptational point 
of view. Pound and Clements (53) developed a system that owed 
much to Drude and Schimper, and was modified to fit the con- 
ditions in our Central States. With some further modifications, 
this system is restated by Clements (23) in his monograph on 
plant succession and indicators. 

The most popular and widely used system of all, that of 

'In 1807 Humboldt named the following 15 life-form groups whose 
physiognomy forms an important study in the description of landscapes: 
a) the banana form (Musa, Heliconia, Strelitzia); 6) the palm form; 
¢) arborescent ferns; d) the form of Arum, Pothos and Dracontium; e) the 
conifer form (Taxus, Pinus); f) all the sharp-leaf forms; g) the tamarisk 
form (Mimosa, Gleditschia, Porlieria); h) the mallow form (Sterculia, 
Hibiscus, Ochroma, Cavanillesia); i) lianas (Vitis, Paullimia), 7) orchid 


form (Epidendrum, Serapias); k) the cactus form; /) the casuarina form 
and Equisetum; m) the grass form; mn) the mosses; 0) lichens. 
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Raunkiaer (54, 56), emphasizes the position of the perennating or 
renewal buds. Although at first glance Raunkiaer’s system looks 
very different from earlier ones, particularly because of the single 
theme of the major classes, there is a strong dependence upon 
materials used by earlier students in the sub-divisions of the 
classes. Raunkiaer’s system will be considered in some detail in 
later sections, for it is the only system which has been widely used. 

Because any system will have some weaknesses, and because 
points of view differ, there continue to be proposed various organi- 
zations of life-form classes. Brockmann-Jerosch and Rubel (17) 
and Riibel (59, 60) may be cited as examples embodying earlier 
work together with distinctive ideas. Gams (31) developed the 
synusial concept of community structure*, and went so far, as did 
Vahl (65) before him, as to base the classification and nomen- 
clature of plant communities upon life-forms. Hayek (37), in his 
general plant geography, presents a system with 100 life-form 
groups. The most recent thorough-going study of the life-form 
problem is that of Du Rietz (28) who has abandoned all sug- 
gestions of adaptation or epharmony. Lippmaa (46, 47) follows 
Vahl and Gams in emphasis upon the synusiae in vegetation study. 

Such a brief historical survey as this leaves out of consideration 
many studies that have been made and, without giving details for 
any of the systems, it suggests that there has been varying em- 
phasis upon morphological types, upon growth- or life-forms in 
which there is a presumed direct relationship between environ- 
ment and form, and upon taxonomic entities. 

After a strong interest in the life-form problem around the turn 
of the century when ecology was developing as a recognized 
science, there has been little sustained interest in life-forms, es- 
pecially in America, and no system other than Raunkiaer’s has 
been used widely. The reasons for this neglect, other than the 
complexity of many of the systems, are that American ecologists 
have been little interested in detailed studies of community com- 
position and structure, and have been more interested in succession 
and studies of the factoral composition of the environment. There 
has also been some adverse reaction to life-form study because of 
physiological investigations which have shown that a plant’s 

2A synusia is a minor community, such as a layer or bark community, 


within a complex community, dominated by a single life-form or by 
closely related life-forms. 
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functioning is not always what it would seem to be on a basis of 
structure—that structure and function are not uniformly one—and 
that adaptation may not reveal itself on the surface. The first 
duty of the ecologist, however, is to the plant and to the plant 
community; and the life-form, whatever its adaptational signifi- 
cance, is an important part of vegetational description ranking 
next, perhaps, to the floristic composition of the community. 


THE CONCEPT OF LIFE-FORM 


What we have been referring to as life-form (growth-form or 
vegetative-form) has nothing whatever to do with reproductive 
structures which constitute the principal basis of classification into 
species, genera, families, etc. Life-form refers rather to the 
vegetative form of the plant body which is assumed by many 
ecologists to be a result of morphological adjustments to the en- 
vironment. Those organisms which show the same general mor- 
phological features (woody lianas, stem succulents, annuals, tap- 
rooted perennials with a basal rosette of leaves and the renewal 
bud at the soil surface, tall broad-leaf deciduous trees, etc.) belong 
to the same life-form whatever their systematic position in the 
plant families. It is inherent in the so-called “biological” concept 
of life-form that there is a fundamental harmony or analogy be- 
tween the members of such structural groups and the environment 
in which they prevail. This relation is denied by others. 

In the century and a half since Humboldt developed the concept 
of life-form, botany has become a much deeper and broader 
science, and many earlier interpretations (and some recent ones) 
are not tenable. What is meant by morphological adjustments to 
the environment are not those comparatively minor differences 
which exist among members of the same species grown in different 
habitats (ecads), such as sun and shade forms, but long-time ad- 
justments that have an evolutionary basis and have become fixed 
in the heredity of the kind. No longer do any biologists except 
those of Lamarckian persuasion believe that the environment 
“calls forth” adaptational responses. The harmony or fit between 
the organism and the environment is the result of natural selection 
of a long series of mostly minute mutational changes. 

Despite many individual exceptions and despite the fact that 
adaptations to a particular environment may consist of many types, 
there is still a widespread correlation between certain life-form 
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types and certain environmental types, and on this basis there per- 
sists a belief in the significance of life-forms for environmental 
adaptation. A few examples will show what is meant. Under 
certain extreme environmental conditions, such as great drought 
or a long cold winter with a very short growing season, plants of 
the tree form cannot exist, i.e., in deserts, steppes, and arctic and 
alpine tundra. Furthermore, tree stature is progressively reduced 
from the most favorable environments to the continental and 
altitudinal tree limits. In American deserts the succulence of the 
cacti is one adaptation that is matched by the euphorbias of South 
African deserts. In deserts, wherever they occur and by what- 
ever floristic groups they are populated, the development of micro- 
phylly, aphylly, and switch-like shoots are common forms, as is the 
ephemeral habit of development in annuals and perennials. The 
grass form prevails in steppes and is common in tundra. Tem- 
perate climates with strongly contrasting winters and summers but 
without drought seasons are characterized by broad-leaved de- 
ciduous trees with abundant hemicryptophytes* and geophytes® in 
the ground layer beneath them. Where the winter is colder and 
the growing season shorter, evergreen needle-leaved trees pre- 
dominate. In the hot humid tropics are developed the largest 
trees with broad, oval, shining leaves and with feathery, pinnate, 
evergreen leaves. Here in numerous families also occurs the con- 
spicuous development of the woody liana form and of large 
epiphytes among ferns and seed plants. 

But the life-form problem is not a simple one. No environ- 
mental type is characterized by a single life form except in the 
most narrow sense of the biotope and the synusia. That is, all the 
larger environmental types, the climates and the major associated 
soil types, have plant communities composed of several life forms. 
Furthermore, no life-form class is associated solely with a single 
environmental type. Since there is no life-form exclusiveness, 
since the harmony between structure and environment is not com- 
plete, the problem is a complex one and has been dealt with in 
many ways. 

Many ecologists are content with a consideration of or at least 
emphasis on the dominant layer of the vegetation. Thus a forest 
is studied as if it were composed of trees alone, or a prairie only 


3 See pp. 7-11 for definitions. 
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of grasses. At the other extreme all the synusiae of the phyto- 
coenosis* are examined in detail. Many ecologists indicate the 
life-form of each component species of a community. Thus, in the 
simpler systems such as that of Raunkiaer, life-form groups can be 
given a statistical treatment and the enuimerations for different 
examples of a community type can be compared, and those of 


different kinds of communities can be contrasted. 
RAUKIAER’S LIFE-FORM SYSTEM 


Any life-form system has the following broad philosophical 
basis: a) plants have different ecological amplitudes, that is, they 
are more or less limited in their capacity to endure different en- 
vironmental conditions; b) there is often a correlation between 
morphology and adaptation; and c) a plant in its successful exis- 
tence represents what may be called an automatic physiological 
integration of all of the factors of its environment. 

Raunkiaer employed three guiding rules in the selection of life- 
form characteristics for the recognition and classification of the 
relationships between plant life and climate: a). the character must 
be structural and essential; it must represent an important mor- 
phological adaptation ; >) the character must be sufficiently obvious 
that one can easily see in nature to which life-form a plant be- 
longs ; ¢) all the life-forms employed must be of such a nature that 
they constitute a homogeneous system; they must represent a 
single point of view or aspect of plants and thus enable a compara- 
tive statistical treatment of the vegetation of different regions. 

With these requirements in mind, Raunkiaer delimited life- 
forms by the kind and degree of protection afforded t - growing 
points of the perennating buds which are responsible or renewal 
after an unfavorable season. Except for certain tre, .cal climates 
that are constantly warm and humid, they all show a certain 
amount of seasonal rhythm with alternating periods that are favor- 
able or unfavorable for growth. In comparing two climates, the 

difference between them in their favorable season may be relatively 
insignificant, whereas the differences in their unfavorable season 
mav be considerable and of great importance. Unfavorable 
seasons may be due to cold or drought or both, they may be short 

*A phytocoenosis is the whole vegetation of a station or place, a com- 


munity in the usual broad sense. It consists of the many synusiae or 
layers of plants which occur at the same station. 
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or long, there may be one or two each year, but it is probable that 
those structural differences among plants that enable them to sur- 
vive unfavorable seasons are a good index to plant climates. Upon 
these facts, then, Raunkiaer developed his life-form classification 
which depends primarily upon the degree of protection afforded 
the perennating bud. 

The system consists of the following five principal classes ar- 
ranged according to increased protection of the buds: phanero- 
phytes, chamaephytes, hemicryptophytes, cryptophytes, and thero- 
phytes. 


CLass I. Phanerophytes (Ph) have their bud-bearing shoots in 
the air and are with few exceptions woody trees and shrubs. Since 
these buds are elevated and exposed to the atmosphere during the 
unfavorable season, and since the severity of conditions increases 
with height above the ground, the phanerophytes are logically sub- 
divided into height classes: tall, medium and low trees, and shrubs. 
These subdivisions have been formalized with more or less ar- 
bitrary boundaries as the megaphanerophytes (Mg), over 30 
meters tall; the mesophanerophytes (Ms), between eight and 30 
meters tall; the microphanerophytes (Mc), between two and eight 
meters high; and the nanophanerophytes (N) which are under 
two meters and over 25 cm. tall. The relationship between height 
and environment is seen in a number of correlations. Most species 
show a certain amount oi plasticity with respect to stature. Some 
are facultative shrubs; that is, they are trees under more favorable 
conditions and shrubs under less favorable environments. For 
example, Quercus stellata develops as a mesophanerophyte in 
Tennessee and Arkansas and is gradually reduced in stature 
toward the west as the climate becomes drier until vast stands may 
be only a few feet tall in the Oak Shinnery. Similar reductions 
take place in may tree species toward artic and alpine tree lines. 
There are, of course, hereditary limits for the stature of plants so 
that mature heights are fairly well known for the most favorable 
sites for various tree species. In a general way the tallest trees 
occur in the most favorable climates, in the warm, humid tropical 
rainforests, in the more favorably located temperate deciduous 
forests and needle-leaved conifer forests; and for any of these 
types stature is reduced on less favorable soils and under worse 
climates. 
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In addition to height in relation to the exposure and adaptations 
of vegetative structures, Raunkiaer also considers whether the 
perennating bud is without bud scales and whether the transpiring 
organs are deciduous or evergreen.. He therefore provides for 12 
subclasses on a basis of these characters as follows: a) evergreen 
megaphanerophytes without bud scales; 6) evergreen mega- 
phanerophytes with bud scales; and c) deciduous megaphanero- 
phytes with bud scales. The fourth possibility, deciduous mega- 
phanerophytes without bud scales, occurs very rarely and is not 
allotted a separate subclass. Each of the other height classes has 
the same three subdivisions. Three additional subclasses which 
do not fit into this scheme are the herbaceous and epiphytic 
phanerophytes of the tropics and stem succulents of deserts. No 
special provision is made for woody lianas which are classified 
according to the height class to which they attain. Lianas are the 
phanerophytia scandentia of Braun-Blanquet (15). 

Under some conditions all these phanerophytes are lumped to- 
gether and expressed in one percentage. Commonly, however, the 
height classes (without further distinction as to evergreen, etc.) 
are kept separate in statistical treatments, except that the two 
tallest classes are often lumped together under the symbol MM, 
and separate percentages are given for epiphytes and stem suc- 
culents. Braun-Blanquet (15) recommends the usage of only six 
main groups of phanerophytes: a) nanophanerophytes; )) macro- 
phanerophytes (Raunkiaer’s Mc, Ms, and Mg classes); ¢) stem 
succulents (including certain members of the Cactaceae, Euphor- 
biaceae, Compositae, Bombacaceae, Sterculiaceae) ; d) herbaceous 
phanerophytes (Musa, Piper, Impatiens, Begonia, Euphorbiaceae, 
etc.) ; ¢) woody lianas, which are set off from the first two groups; 
f) vascular epiphytes. Each of these groups may be subdivided 
on a basis of many characters according to their prevalence in a 
particular community and their adaptational significance. For 
example, epiphytes can be classified as semiparasites, those with 
stem tubers, with aerial roots, or with clustered humus- and 
water-collecting leaves. And nanophanerophytes and macro- 
phanerophytes can be subdivided according to leaf size, leaf form, 
leaf duration, etc. 


Not only are the phanerophytes as a group most exposed to such 
unfavorable conditions as may occur, but their subdivisions can be 





LIFE-FORMS AND PHYTOCLIMATE 9 


arranged in a fairly well graded sequence according to their prev- 
alence in various climates so that we find the evergreen mega- 
phanerophytes without bud scales in the tropical rainforests, and 
with them are associated concentrations of herbaceous phanero- 
phytes, and epiphytes and lianas which may make up 10% to 15% 
of the total flora (44). And at the bottom of the scale are the 
deciduous nanophanerophytes with bud scales which are not un- 
common dominants in deserts and shrub steppes, and with which 
are associated the succulents. 


CLaAss 11. Chamaephytes (Ch) have their perennating buds 
definitely above the soil surface but lower than about 25 cm. so that 
in the unfavorable season they often are protected by fallen leaves 
and snow or by the dense growth of the plant itself. Raunkiaer 
(54) recognized four main subdivisions according to shoot be- 
havior: a) suffrutescent or semi-shrubby forms; b) those that are 
passively decumbent; c) those that are actively creeping; d) 
cushion plants. This class of life-forms has come in for more 
criticism than any other. Raunkiaer makes a strong case for its 
climatic significance in the positive correlation of this class’ per- 
centage with increasingly high latitude and altitude. But the class 
is also 50-100% higher than the normal spectrum in such widely 
different vegetation types as subtropical evergreen forest, Mediter- 
ranean olive-type woodlands, and certain steppes. Allan (6), for 
example, points out that certain New Zealand floras have similar 
percentages of chamaephytes as Iceland and the climates are wholly 
different. Percentages of total chamaephytes can have little signif- 
icance when remote regions are to be compared, and one must 
consider whether they are herbaceous or woody, evergreen or 
deciduous, etc. In addition to such subclasses as have been 
mentioned, some authors have separate groups for the hard grasses 
of the tussock form, succulent-leaved perennials (Sedum, Semper- 
vivum, Mesembryanthemum), creeping herbs (Thymus, Veronica, 
Cerastium, certain grasses), and non-vascular forms such as 
Sphagnum, carpet mosses (Thuidium, Hypnum, Hylocomium), 
and lichens of the fruticose form (Cladonia, Cetraria). Most 
statistical comparisons, however, leave out of consideration the 
non-vascular species. In this class the chamaephytes that provide 
the greatest protection of the buds are undoubtedly the very com- 
pact cushion or polster-form plants. These are fairly common in 
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certain dry steppes (Anabasis aretioides in Algeria), in alpine 
tundras (Silene, Androsace, Draba), and in paramos. 


CLass 111. Hemicryptophytes (H) have their renewal buds at 
the surface of the ground and are thus one step further in the 
scale of protection than the chamaephytes. They are very numer- 
ous in humid temperate regions and often constitute half or more 
of the total species of an area, particularly in deciduous forests and 
grasslands. They are also common in tundra except under the 
most extreme conditions. Raunkiaer distinguished three prin- 
cipal subtypes which are usually grouped together in statistical 
studies: a) the non-rosette or protohemicryptophytes ; )) the sub- 
rosette, and ¢) the rosette types. The first type is without basal 
leaves, the second type has both basal and stem leaves, and the last 
type has all or nearly all of its leaves in a compact basal rosette. 
Each group can be subdivided according to whether stolons are 
produced. Additional subtypes that have been suggested include 
herbaceous lianas that die back to the soil surface (Leguminosae, 
Convolvulaceae ), many soft grasses and sedges, and non-vascular 
plants (bryophytes, lichens, algae). The hemicryptophytes are 
a large and complex life-form group, and the lumping together of 
all of them in statistical treatments probably obscures all but the 
most general relationships to environment. 


CLASs Iv. Cryptophytes (Cr), the “hidden plants,” have their 
buds. beneath the substratum, in the soil, in water, or in the soil 
under the water. They are, consequently, much more protected 
than plants whose perennating buds are on the surface or elevated 
into the air. Raunkiaer recognized three principal subdivisions: 
geophytes, hydrophytes, and helophytes. The geophytes (G) have 
tuberous subterranean organs filled with stored food which enables 
them to make a quick vegetative development with the return of 
favorable conditions. These perennating structures are commonly 
bulbs (Allium), corms (Arisaema), rhizomes (Podophyllum), 
stem tubers (Solanum), or root tubers (Orchis). Another group 
forms a transition with the hemicryptophytes (Cirsium) in that the 
buds are at the base of the stem, but below the surface of the 


ground. Geophytes are common in the Mediterranean type of 
climate, in some steppes, and in the vernal flora under deciduous 
temperate forest where they develop rapidly before the full leaf 
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canopy is displayed. The hydrophytes (Hy) include such free 
floating forms as Lemna and Utricularia and those which may be 
rooted but not emergent during the unfavorable season (Potamo- 
geton). The helophytes (He) are marsh plants in which the 
perennating bud is rooted in the soil beneath the water. These are 
mostly emergent plants. In statistical treatments the two classes 
are lumped together and given the symbol (HH). 


cLass v. Therophytes (Th) are annual plants, that is, their 
perennating bud is that of the embryo contained im the seed, as no 
other embryonic part lives through the unfavorable season. This 
class represents the acme of protection to the renewal tissues. 
Annuals are particularly abundant in desert climates and in weed 
communities which develop where native vegetation is disturbed. 
They are also fairly common in steppes and other climates which 
offer short growing seasons except that they are conspicuously 
poorly represented in tundra. They are also very rare in tropical 
rainforests and infrequent in primeval temperate deciduous forests. 
A number of the other life-form groups are simulated by annuals 
during their vegetative phases. They include forms similar to 


protohemicryptophytes, herbaceous lianas, and even hydrophytes 
(some species of Potamogeton, Najas). Raunkiaer includes 
winter annuals with summer annuals on the assumption that the 
dry summer is more unfavorable to them than the winter period. 


RAUNKIAER’S NORMAL SPECTRUM 


We have seen that the lack of exclusiveness of the life-forms, 
that is, the facts that more than one life-form is associated with a 
climatic type and that no single life-form is limited to a climatic 
type, leads naturally to statistical comparisons which show the 
percentage composition of the life-form classes in different areas 
and different types of vegetation. Broad comparisons are often 
made on a basis of the five major classes of life-forms; more de- 
tailed studies employ various subclasses. From the beginning 
Raunkiaer intended statistical use of the life-form classes, and in 
order to provide a sort of yard-stick or base, he developed a so- 
called “normal spectrum’ which represents the world-wide dis- 
tribution of species among the life-form classes. The normal 
spectrum is the result of a sampling procedure in which 1000 
entities were selected from the world flora in such a manner as to 
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represent a random sample. The results for the major classes are: 
Ph 46%, Ch 9%, H 26%, Cr 6%, and Th 13%. In more detail, 
the results from Raunkiaer’s calculations (55) are shown in 
Tabie 1. 





Taste 1. Raunxiarr’s Norman Specrraum, 1916 Carcunation (55) 


Symbol Classes 


(8) Stem succulents 
(E) Epiphytes 
(MM) Mega- and mesophanerophytes ... 
(Me) Microphanerophytes 
(N) Nanophanerophytes 
Total phanerophytes 
(Ch) Chamaephytes 
Total epigeal life-forms 
Hemicryptophytes 
Geophytes 
Hydro- and helophytes 
Total cryptophytes 
Total hypogeal life-forms ........ 32 
Therophytes K 13 13 
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On a basis of the same 1000 species, -Raunkiaer also computed 
normal spectra for the principal systematic groups of the seed- 
bearing plants, Table 2. Whether the normal spectrum represents 


Tasitz 2. Tue 1000 Species or tHE NorMAt Spectrum TREATED 
TAXONOMICALLY. Data From RAUNKIAER (56) 


Taxonomic groups Ch H Cr Th 











00 0.0 
icotyledonae ioe a ai 
Choripetalae ' 15 138 
Gamopetalae 34.9 / . 3.0 14.0 

Monocotyledonae 27.0 J 213 


All species together 46.0 9.0 . 6.0 








accurately the whole world flora does not really matter; its useful- 
ness lies in its being a standard for comparison. 
LIFE-FORM SPECTRA AND PHYTOCLIMATES 


Raunkiaer thought that there are four major phytoclimates: a) 
the phanerophytic climate of the warm humid tropics; b) the 
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Taste 3. Lire-rorm Specrra ror THE Four Major Cumatic Types 
AccorDING TO RauNKIAER (56) 











Number Life-form classes 
Locality of —_— 
species Ch H Cr 








The phanerophytic climate: 
St. Thomas and St. Jan 904 
Seychelles 258 
The therophytic climate: 
Death Valley, Calif. ........ 294 
Argentario, Italy 866 1 
The hemicryptophytic climate: 
Altamaha, Georgia 717 10 
1084 22 





The chamaephytic climate: 
Spitzbergen 110 15 
St. Laurence Is., Alaska .... 126 15 





hemicryptophytic climate of the midlatitudes, including both the 
needle-leaved and deciduous forests as wel! as the moister steppes ; 
¢) the therophytic climate of tropical and subtropical deserts; and 
d) the chamaephytic climate of high latitudes and altitudes. These 


Taste 4. Sevecrep RAUNKIAERIAN LiFe-FoRM SPEecTRA FOR 
Certain Mason CLIMATES 








Vegetation type, Life-form classes 





" Data No. 
climate and 
locality a _ Ch H Cr 





Rainforest, Cromer and 141 2 fe 2 
Queensland Pryor (24) 
Subtropical ever- Bharucha and 361 17 5 
green, Mathe- Ferreira (9) 
ran, India 
Desert, Trans- Paulsen (51) 768 14 
caspian low- 
lands 
Mediterranean Turrill (64) 
olive forest, 
Crete 
Steppe, Akron, Paulsen (52) 
Colorado 
Temperate de- Ennis (29) 
ciduous broad- 
leaf forest, 
Connecticut 
Tundra, Spitz- Raunkiaer (56) 
bergen 





Normal spectrum Raunkiaer (56) 
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major climates are epitomized by the spectra presented by Raun- 
kiaer, Table 3. There are, of course, subtypes within the major 
climates and intergradations among them. I have gathered a fur- 
ther selection of “types” in Table 4. 


Taste 5. Corrxe.aTIONns of RAUNKIAERIAN SPECTRA W:iTH ALTITUDE 


Locality and SS ifetorm clean 
source species’ ving MON Ch OH 
Clova, Scotland 1000 m.+ . . 27 
Raunkiaer (56), 900-1000 m. 25 
Table 33 800- 900 m. 22 
700— 800 m. ll 
600— 700 m. 15 
500— 600 m. 13 
400- 500 m. 11 
300- 400 m. 10 
300 m.- 7 
Poschiavo, Alps, 2850 m.+ 35 
Raunkiaer (56), 2550-2850 m. 25 
Table 23 2250-2550 m. 18 
1900-2250 m. 13 
1550-1900 m. ll 
1200-1550 m. 
850-1200 m. 
850 m.- 
Alps, nival zone, 3600 m. + 
rchoet hen (56), 3300-3600 m. 
Table 24 3150-3300 m. 
3000-3150 m. 
2850-3000 m. 
2700-2850 m. 
2550-2700 m. 
2400-2550 m. 
Mt. Cook, New 2000 m. + 
Zealand, 1500-2000 m. 
Allan (6) 1000-1500 m. 
500-1000 m. 
Clavering Island, 1250 m. 
Greenland, 1200-1250 m. 
Gelting (33) 1125-1200 m. 
1100-1125 m. 
1000-1100 m. 
900-1000 m. 
800- 900 m. 
700— 800 m. 
600— 700 m. 
500— 600 m 
400— 500 m. 
300— 400 m. 
200— 300 m. 
100— 200 m. 
0O- 100 m. 
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The correlations of life-form spectra with altitude, Table 5, 
reveal one significant trend, a steady increase of chamaephytes 
with altitude although the data come from mountainous areas as 
widely separated as Greenland, the Alps, and New Zealand. At 
Poschiavo the percentage of chamaephytes that equals the normal 
spectrum (9%) occurs at about 1700 m. altitude; below that ele- 


Taste 6. CoRrRELATIONS of RAUNKIAERIAN SPECTRA WITH LaTITUDE 





; , Life-form classes 
Locality and Latitude No. of 


source species 





Novaya Zemlya, 76-77° N. 

Raunkiaer (56), 75-76° N. 
Tables 7 and 8 74-75° N. 

73-74° N. 
72-73° N. 
71-72° N. 
70-71° N. 
(Vaygoch) 69-70° N. 
(Yugor) 

East Greenland, 76,31-77,36° N. 

Raunkiaer (56), = 73,30-75,00° N. 
Table 15 70,00-73,30° N. 
69.25-70,00° N. 
66 ,20-69,25° N. 
65,30-66,20° N. 

West Greenland, Lockwood Isl. 
Raunkiaer (56), N.of Melville Bay 
Table 16 72,00-74,30° N. 

69-71° N. 214 
64-67° N. 239 
60-62° N. 254 

New Zealand, 42-46° S. 177 - 
endemic species, 34-42° S. 166 | ae ee 
Allan (6) 34-38° 8S. 78 16 «|... 14... 

34-36° S. 30 a pe 
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vation the percentage is less, and above it, it rises to about four 
times the normal at 2850 m. Elsewhere in the Alps, where ele- 
vations are higher, the percentages increase to over seven times 
that of the normal spectrum, or 67 per cent at 3600 m. When 
these results are compared with Clova, Scotland, it is seen that 
the maximum altitude at Clova of 1000 m.+ has 27 per cent 
chamaephytes, whereas in the less oceanic Alps at a lower latitude 
such a percentage is not reached below 2500-2700 m. altitude. 
The effect of latitude is strongly shown by the Greenland data 
where, for Clavering Island, the 30% chamaephytic line is at sea- 
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level, and at 1250 m. altitude the percentage of chamaephytes is 
equal to 3600 m. in the Alps. The data from the southern hemi- 
sphere are in line with the others, despite the totally different flora 
and important differences in the types of chamaephytes that are 
involved. Hemicryptophytes are always abundant in an area 
where chamaephytes are abundant, but they show no such consis- 
tent trend. These, and numerous other data not cited, seem to 
substantiate Raunkiaer’s claims for the significance of chamae- 
phytes as indicators of varying degrees of extremeness in boreal, 
arctic, and alpine climates (Table 6), for entirely similar trends 
occur with increasing latitude as with increasing altitude. 

It is of considerable interest to examine a series of spectra for 
Raunkiaer’s hemicryptophytic climate. Nearly all of the areas 
represented in Table 7 are from deciduous forest regions, although 
there are in some cases admixtures of climax grassland and in 
others of climax needle-leaved forest. In all cases they represent 
the total flora of the named areas and, as a consequence, all the 
combinations of local plant communities as occur under secondary 
succession, different soils, and different microclimates. They can, 
then, be said to reflect to a certain degree the general climate, that 
is, if there is any real relationship between climate and life-form 
statistics. Although there are evident differences, all these spectra 
of far-flung places are of the same general pattern, and all these 
areas belong to the warm-temperate rainy climates of Koppen with 
hot to warm summers (mostly types Cfa, Cfb, and Dfa). In the 
American series there are data for several States from the Gulf 
coast to New England and from the Atlantic coast to, but not in- 
cluding, the BS climates to the west. But the spectra do not ap- 
pear to reflect sensitively the comparatively minor climatic transi- 
tions that occur. We have here only a general correlation between 
Raunkiaer’s hemicryptophytic phytoclimate and Koppen’s C and 
D climates which are based on physical data. Perhaps that is 
enough to expect from such an approach; yet it may be possible to 
employ life-form data so that they will reveal more information. 

Ewer (30) divided the State of Illinois into four areas: north, 
central, mid-south, and south. There is a progressive increase in 
phanerophytes (15.2, 12.7, 16.2, 18.1) with decreasing latitude 
(Table 8) except for the central area. This departure in the 
central area would seem to be explained by the larger proportion 
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Tasiz 7. Comparisons or RAUNKIAERIAN Spectra For TEMPERATE, 
Lear Decipvous Forests, on A Basis oF 
Famuy Larce ARgas 








Localities and No.of _. Life-form classes 
sources specieS Mg Ms Mc N Ch H G HH 








North America 


38 


43 
Altamaha, Georgia 
Raunkiaer (56) J 09 40 60 
N.C-Tenn., 
Smoky Mts. 
Cain (19) 64 6.1 : 15.1 00 
Bull Run, Virginia 
Allard (7) 8S 64 586 " 91 22 
ae ae local 


ora 
Taylor (62) 5 40 72 202 117 
Connecticut 
Ennis (29) 4 40 56 J 126 7.7 
Cape Breton 
nnis (29) 29 37 6. 153 103 
East—west series: 
Indiana 
McDonald (48) 143 d ( 180 ) 
Illinois 
Ewer (30) 4 50 60 13.1 55 
Iowa 
Ennis (29) 37 48 4. j 6 153 56 


Europe 


Serbia 

Turrill (64) 00 17 28 91 47 
Stuttgart 

Raunkiaer (56) (30) 30 0 100 70 
Poschiavo 

under 850 m. 

Raunkiaer (56) (30) 40 3: ! 80 10 
Central Switzerland 

Dansereau (25) Sia ( 10.0 : ( 15.0 ) 
Paris region, Vexin : 

Allorge (8) etd ( 8.0 ( 25.0 ) 
Denmark 

Raunkiaer (56) 00 10 30 3: F 11.0 110 

Asia 

Japanese-Hondo 


orikawa and 
Sato (38) 04 78 112 0 474 80 37 


. 
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Tastz 8. Comparison or Ravn KIAERIAN Spectra For Four LatirupiInau 
Areas or Inainois. Ewer (30) 


Life-form classes 


Areas of 
Illinois 





Ch 4H G 3h tb 





Northern area ..... , 14 500 140 50 141 
Central area * : O08 519 135 49 16.1 
Mid-south area .... 07 510 126 35 160 
Southern area f ; 10 493 120 45 149 





of prairie in that area. Conversely, the hemicryptophytes reach 
their largest percentage in the central area. The strong increase 
in phanerophytes in the southern area is largely attributable to 
elements of the southern flora of the Mississippi embayment which 
reach their northern limits there (7arodium distichum, Quercus 
phellos, Nyssa aquatica, Aesculus pavia, etc.). When lianas alone 
are considered, their percentage in the northern area is 1.2 and is 
exactly doubled in the southern area. It can be noted that the 
Koppen climatic classification recognizes a transition between types 
in southern Illinois. Ackerman (1) has published a revised map 


Tapie 9. RAUNKIAERIAN Spectra For Merr1AM’s LIFE-Z0ONES 
IN WASHINGTON. Jones (42, 43) 


Life-form classes 
Life-zones wae 
Ph Ch H Cr 
The Olympic Peninsula 
Arctic-alpine zone ...... 0 21 69 
Hudsonian zone .............. u 10 67 
Canadian zone ......... 12 7 49 
Transition 15 3 43 
Mount Rainier 
Arctic-alpine zone 
6,000-14,408 ft. ............. 69 
Hudsonian zone 
4500-6000 ft. 
Chamaecyparis climax ...... 
Canadian zone 
3,000—4,500 ft. 
Tsuga-Abies-Pinus climax ... 
Transition zone 
2.000-3,000 ft. 
Tsuga-Thuja climax, and 
Pseudotsuga subclimax .... 
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of the Koppen climates of North America which shows that all of 
Illinois is Dfa climate except for the southern tip which is Cfa. 
This is based on the position of the January 0° C, isotherm. 
One approach to a greater refinement in the usage of life-form 
spectra as indicators of similarities and differences between differ- 
ent areas is found in the studies of Jones in the State of Washing- 
ton. For the flora of the Olympic Peninsula (42) separate spectra 








No. of Life-form classes 


Vegetation type, location, ‘ 
and source of data ' species 





Ph Ch H Cr 


Oak-hickory climax, Piedmont of 

North Carolina, Oosting (50) .. 596 00 30 45 
Mixed mesophytic cove hardwoods, 

Smoky Mts., Tenn., Cain (19) .. 363 44 301 258 
Mixed mesophytie climax, Cincin- 

nati area, Withrow (68) 336 39 344 234 
Upland forest, Cincinnati area, 

Withrow (68) 42 234 
Mountain-oak woods, Long Island, 

Cain (18) 9 326 
Sugar maple woods, Laurentian 

area, Dansereau (25) 56.0 
Beech woods, South Cevennes, 

Braun-Blanquet (13) = Ui 20 40 515 405 
Aspen association, Michigan, Gates 

(32) 229 39 47.1 161 
Aspen association, Alberta, Moss 

(49) 258 18 482 171 70 
Beech woods on chalk, England, 

Clapham (Tansley and Adam- 

son) (20) ae 230 70 560 150 00 
Scottish beechwood, adult, Watt 

(67) 245 16.0 460 135 0.0 
Scottish heathy beechwoods, Watt 

13.5 180 530 130 20 








are provided for the various life-zones of Merriam. With increas- 
ing altitude the life-zones are Transition, Canadian, Hudsonian, 
and Arctic-alpine. In the order of these zones there is a regular 
increase of chamaephytes and hemicryptophytes, being much 
stronger in the former, and a regular decrease of phanerophytes, 
cryptophytes, and therophytes, with increasing altitude (Table 9). 
In a detailed study of Mount Rainier, Washington, the climaxes 
are identified with the Merriam life-zones (43). The five prin- 
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cipal classes of life-forms there show trends similar to those for 
the Olympic Peninsula (Table 9). 

Another refinement is in comparisons of spectra for individual 
plant communities, rather than for the total floras of extensive 
areas. In Table 10 is a series of spectra for particular associations 
of the temperate deciduous forest formation. Here we see some- 
what more sensitive comparisons than existed for the more general 
spectra of the preceding tables for State floras. For example, two 
very similar mixed mesophytic forests of the Great Smoky Moun- 
tains and of the Cincinnati area have very similar life-form spectra. 
In contrast, a related climax type, the sugar maple forest of the 
Laurentian area, shows the effects of latitude through the reduction 
of phanerophytes from around 35 to 17%, and an increase of 
chamaephytes from about four to 10% and of hemicryptophytes 
from 30 to 56%. These changes seem much more significant and 
true to the climatic differences than the general spectra discussed 

arlier. In another case the very similar aspen associations of 
Michigan and Alberta have strikingly similar life-form spectra. 
Thus it would seem that extensive series of such data for com- 
parable communities, and also with information on the subclasses, 
might provide quite close correlations with climates, at least with- 
in the C and D climates of Koppen. 

Turning to the dry climates (BW, desert; BS, steppe), we find 
a more complicated situation. In Table 11 I have assembled all 
the spectra for dry climates that I have been able to locate. At 
first there appeared to be a great variety, but when arranged ac- 
cording to the Koppen climates that are involved, some interesting 
and probably significant correlations appear. The two monsoon 
spectra are not very similar. This may be because the Tuticorim 
spectrum is essentially of a strand flora; yet they are of a type 
with the principal difference being that Tuticorim has more an- 
nuals and fewer woody plants than Madras. The Madras spec- 
trum is, incidentally, very similar to that for Aden. Actually 
there are too few data to make much speculation worthwhile for 
the humid tropics. 

The spectra for hot desert climates seem to fall into two groups: 
the North African deserts have relatively few phanerophytes in 
comparison with the other examples, while in the Australian desert 
they are especially numerous. In all the deserts annuals are abun- 
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Some Lirse-rorm Specrra ror Dry CLIMaTes, 
CompareD witH Képren Tyres 











Life-form classes 


Locality and K6ppen oy : 
source class . §$MMN Ch H G HH 








Tropical monsoon climate with long dry summer: 
Madras, India 
Bharucha and Fer- 
reira (9) Am 689 0 ( 34) 
Tuticorim, India 
B¢grgesen (12) Am 35 3 
Hot desert climate: 
Death Valley, California 
Raunkiaer (56) BWh 2&4 
Salton Sink, California 
Paulsen (52) BWh $1 
EI! Golea, Central Sahara 
Raunkiaer (56) BWh 
Ghardaia, North Africa 
Raunkiaer (56) BWh 
Libyan desert, N. Africa 
Raunkiaer (56) BWh 
Oudjda desert, N. Africa 
Braun-Blanquet (16) BWh 
Oudjda semi-desert 
Braun-Blanquet (16) BWh 
Canary Islands lowlands 
Beérgesen (11) BWh 
den 
Raunkiaer (56) BWh 
Ooldea, Australia 
Adamson and Osborn 
(5) BWh 
Cool desert climate: 


Transcaspian lowlands 
Paulsen (51) BWk 


Hot steppe climate: 
Tucson, Arizona 
Paulsen (52) 
Whitehill, South Africa 

Adamson (4) 
Timbuctu, Africa 
Hagerup (35) 
Tripoli, North Africa 
Raunkiaer (56) 
Cyrenaica, North Africa 
Raunkiaer (56) 
Madeira Islands, lowlands 
Raunkiaer (56) 

Cool steppe climate: 
Akron, Colorado 
Paulsen (52) 

Toole, Utah 
Paulsen (52) 


eoeoeoeeetks eo 
—~—eoeoeeweec6cre ws 
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Taste 11.—Continued 


No Life-form classes 


Locality and Koppen oy 


source class spp. § MM N Ch H G HH Th 





Cool steppe climate—Continued: 
Danube steppe, 8.E. 
Europe 
Bojko (10) BSk ? ae oe er a 23 
Yekaternoslaw, Near East 
Paulsen (51) BSk 106 0 0 5 3 5 8 2 
Pamir mountain steppe 
Paulsen (51) BSk 514 aoe 2 ae 14 
“Mediterranean climate” warm temperate with hot dry summer: 
Argentario, Italy 
Raunkiaer (56) Csa 86 0 6 6 6 2 42 
Southern France 
Braun-Blanquet (14) Csa ? Se 29 «8 43 


Crete 
Turrill (64) Cea = 1571 S “6 Bath Re ee 38 
Samos, Greece 
Raunkiaer (56) Csa 400 2 Pe op: em 33 
“Mediterranean climate” warm temperate with warm dry summer: 
Table Mountain, S. Africa 
Adamson (2) Cab 93 0 4 37 14 18 7 





dant, sometimes composing more than half the flora, except for the 
dubious case of Aden. Hemicryptophytes are fairly constant, but 
that heterogeneous class, the chamaephytes, are quite variable. If 
detailed data were available it would likely show that the mere fact 
of the perennating bud being above the soil but less than 25 cm. 
high is of much less adaptational significance than are some other 
features which would be revealed by a consideration of subclasses. 
Deserts are well known for the fact that plants have found many 
different types of adaptation to the conditions of life. The single 
example of a cool desert, the Transcaspian lowlands, shows the 
coolness, perhaps, in the increased proportion of hemicryptophytes 
and cryptophytes. 

The spectra for grassland climates show some conspicuous 
variations. In general the drier steppes have much smaller per- 
centages of hemicryptophytes than do the steppes with more rain- 
fall—compare, for example, Timbuctu and Akron, or Cyrenaica 
and the Danube steppes. Annuals play a variable role which may 
be difficult to resolve because over-grazing, which is so prevalent 
in grasslands, tends to increase the percentage of therophytes 
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through the introduction and spread of weedy grasses and forbs 
of this life-form. The chamaephytes are again variable and the 
remarks that were made concerning them for deserts would hold 
true also for steppes. 

The correlations between the spectra for the Mediterranean 
“olive climate”, with warm to cool moist winters and hot dry 
summers (the most favorable seasons are spring and fall), are 
strikingly good. The climate of southwest Africa is of the same 
general type except that the summer is less hot. The spectrum, 
however, is so different from those of the Mediterranean region 
that one wonders whether the life-form classes employed are ade- 
quate for the comparison of such distinctive floras. On the other 
hand, there is a possibility that the physical climatology is partially 
in error and this South African region should not be classified as a 
“Mediterranean” type. It would be interesting to have life-form 
data from southern California, coastal Chile, and southwestern 
Australia where the Cs climate also occurs. 

The significant deviation of the Csb Table Mountain spectrum 
(South Africa) from Csa Mediterranean spectra—notably the 
excess of nanophanerophytes and geophytes at the expense of 
hemicryptophytes and therophytes—may have a floristic basis in 
the excess of certain phylogenetic stocks hereditarily disposed 
toward one life-form or another. If this is true, the phenomenon 
strikes at the heart of the concept of life-form harmony with 
climate. One can seek other explanations such as a relative excess 
of nanophanerophytes and geophytes due to repeated burning of 
the vegetation (2, 3). The vegetation of Table Mountain used 
fo~ the spectra is not of the climatic climax type and may, as a 
consequence, not truly represent the Csb climate. This, however, 
is more or less true of the basis of many other available spectra, 
and the question needs further study. 


FREQUENCY SPECTRA 


In the paragraphs on the spectra for the temperate deciduous 
forest region some data were given that seemed to indicate that 
climatic differences may be more sensitively reflected by spectra 
for associations than by spectra for the total flora of large areas. 
Another statistical refinement was introduced by Raunkiaer in his 
community studies. In all the previous spectra we have cited, each 
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species is counted as one in the statistics, no species having more 
weight in the results than another, irrespective of the role played 
by a species in the vegetation of the area. In a large area where 
many different communities occur it would be very difficult if not 
impossible to assign all the species various values, but within a 
single community certain sampling methods permit each species 
of the community to be given a value that is some measure of its 
role in the community. These data may be actual abundance, but 
are more often frequencies which, under certain sampling pro- 
cedures, may approach true densities. The most significant data 
would be some measure of the relative dominance of the species in 


Taste 12. Frequency Specira ror Cove Harpwoop 
Hersacezous CoMMUNITIES 


No. of sistas 22 LA 

ae oe ee: 

Great Smoky Mts., total flora .. 1142 19.5 > a 5. 115 

Cove hardwoods, total flora .... 113 633 44 ; 258 34 
Cove hardwoods, field layer, 

Vernal aspect community .... 72 eee: ee} 3 55 

Aestival aspect community ... 75 4 6.6 3 26 


Frequency points 


Vernal aspect ‘oe: or 419 38 

Aestival aspect 258 .-- 142 386 239 33 
the community. In any case, life-form spectra that are based 
upon the role of the species in the community are of more value 
than those in which the rarest and most incidental members of the 
community carry as much weight in the spectrum as do the species 
that are dominant in the superior layer and the various other 
synusiae. 

One ‘ilustration of this technique is given in Table 12 by data 
from the Great Smoky Mountains (19). The first spectrum is for 
the total flora of thé area, and the second is for the cove hard- 
woods, a primeval, mixed-—mesophytic climax forest association. 
The third and fourth spectra are for the spring and summer her- 
baceous layer communities under the cove hardwoods. All these 
spectra are based solely on species lists in which one species carries 
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as much weight as another. The last two spectra are based on 
frequency points. The vernal flora was sampled by 100 separate 
one sq. m. quadrats (ten each in ten different stands of the forest) : 
each species was given as many frequency points as quadrats in 
which it was found. The summer community was sampled in the 
same manner except that the quadrats were of six sq. m. area. 
The larger sample area was used because the summer vegetation 
is of much greater stature than the spring flora’. 

The use of frequency data in the computation of life-form spec- 
tra, in comparison with spectra based on species occurrence alone, 
shows the relatively more important role played by chamaephytes 
whose percentages increase from 7.0 and 6.6 to 11.0 and 14.2. 


Taste 13. A Comparison or Lire-ForM AND Frequency Spectra. 
Data FroM RAUNKIAER (57) 








H G Th 

Community A: species spectrum: 18 spp. ...... 1 66.7 227 
frequency spectrum: 504 pts. ... 420 405 

Community B: species spectrum: 42 spp. ...... 833 9.5 
frequency spectrum: 1848 pts. .. 1 838 85 

Community C: species spectrum: 16 spp. ...... 125 684 193 
frequency spectrum: 456 pts. ... 123 750 125 

Community D: species spectrum: 31 spp. ...... 97 806 97 
frequency spectrum: 848 pts.... 155 565 278 








Cryptophytes (in this case all geophytes) show up somewhat more 
in the vernal flora (40.3 to 41.9%) and somewhat less in the 
aestival flora (29.3 to 23.9%). In comparison with the total 
Smoky Mountains flora, the cove hardwoods herbaceous com- 
munities are seen to be comparatively high in geophytes in the 
spring aspect and in hemicryptophytes in the summer aspect. The 
whole procedure, however, does not bring out any very great 
difference between spectra computed on a basis of species as such 
and those computed from total frequency points attained by all 
species of each life form. There are very good reasons for this. 
In these communities we are dealing with relative life-form 
dominance of several species (3) rather than with the exclusive 

5 Incidentally, the soundness of this procedure is shown by the corre- 


spondence in total number of frequency points for the two seasonal com- 
munities. 
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dominance of one or two species. That is, instead of one or two 
species completely controlling these herbaceous communities 
through their superior adaptations and competitive ability, there 
is a grand mixture of many species of each life-form type that is 
abundant. 

The data in Table 13 from Raunkiaer (57) show that a com- 
munity that is rich in species often will have a frequency spectrum 
that is greatly different from the species spectrum. But the most 
important cause of a strong difference between the two types of 
spectra resides in the dominance: when a small number of species 
of the same life-form are very numerous they will have a low 
percentage in the life-form spectrum and a much higher percent- 
age in the frequency spectrum. 

It seems quite clear that for the characterization of individual 
stands of the various communities of an area the simple species 
spectra are sometimes of little or no value, but that frequency spec- 
tra, which take into consideration the role of each species in the 
community, are excellent for the life-form characterization of the 
communities. Life-form spectra based on the total flora of a suffi- 
ciently large area seem to be useful in the indication of the general 
or prevailing phytoclimate. Within such an area, however, the 
effects of local environments (microclimates and edaphic con- 
ditions) are best revealed when the spectra are modified by the 
use of quantitative data on the roles of various species in the re- 
spective local communities. 


CONCLUDING STATEMENT 


Two particularly significant points arise in this connection. In 
the first place it is to be stressed that a biological significance is 
attached to life-forms by Raunkiaer; that is, he makes an a priori 
assumption that the life-forms which he employs represent adapta- 
tions that are of great importance for the survival of the plants and 
that, as a consequence, they measure phytoclimate. This is a 
tacit assumption of all the physiological ecologists. Whether or 
not these life-forms, or any others for that matter, do reflect sensi- 
tively the environmental conditions is sometimes an open question, 
for Raunkiaer’s work and that of his followers have received con- 
siderable criticisin. It would seem, however, that when the life- 
forms are selected and handled statistically without a priori as- 
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sumptions of their adaptive value, they are capable of reflecting 
climatic conditions in terms of both general climates and micro- 
climates. The second point is that with all assumptions of 
epharmony aside, lic-forms are necessary to the inductive study 
of vegetation. That is to say, an important part of any vegetational 
study is the straight factual description of the physiognomy of the 
vegetation and of the life-forms of the component species, especially 
those that are dominant in the various synusiae and those that are 
more or less peculiar to or prevalent in the community or climatic 
type. 

Finally certain relationships between plant geography and 
taxonomy should be pointed out. On a basis of certain recent re- 
views of the history of plant geography and ecology (28, 36, 58) 
it becomes clear that pre-Linnaean taxonomy had a large element 
of life-form description for its basis. With the development of the 
Linnaean sexual! system of classification, vegetative structures were 
relegated to a very minor role; but in modern times, according to 
Adamson (4), form has regained some of its former importance, 
notably in the work of Hutchinson (41) on the families of flower- 
ing plants and in the systematics of the genecologists, Clausen, 
Keck, and Hiesey (21, 22). With respect to life-form and plant 
geography, the earliest systems were purely inductive and the 
various life-form classes were merely descriptive of form and es- 
tablished for the purpose of describing vegetation. After Darwin 
such geographers as Warming, Kerner, and Drude saw in the 
physiognomy of plants a causal relationship of environment, either 
through the processes of natural selection or by some supposed 
direct causal effect. This trend probably reached its highest de- 
velopment in the Raunkiaerian life-form system. Finally, there 
has been a reaction to the teleology that often was involved, and 
to the too broad claims for relationships, and such students of the 
life-form problem as Du Rietz (28) have gone back to a purely 
descriptive basis with no assumptions of adaptation of epharmony 
between their classes and the environments. 

What position should be taken by the ecologist or geographer 
who 1s not a specialist in the life-form problem? He should, I 
believe, consider carefully and in some detail the phvsiognomy and 
life-form groups of whatever vegetation he is describing. He can 
and should point out such cases of simple concomitance as may 
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occur between certain life-forms and certain features of the en- 
vironments under study. Whether any causality is involved may 
be left to more refined studies, and to the weight of gradually ac- 
cumulated circumstantial evidence from numerous similar studies. 
Such an approach to the life-form problem is nota static nor sterile 
one, and it avoids all assumptions of unproved relationships. He 
should not be confined to or bound by any previously developed 
life-form system. On the other hand, the unnecessary erection of 
duplicate systems and nomenclature is deplorable. To a very great 
extent the major classes and subclasses of the Raunkiaerian system 
are useful for straight description. It is good to work with them 
because of the already wide usage which the system has} enjoyed 
(and out of more abundant statistics may come infornjation of 
considerable. value), but the classes and the subclasses can be 
modified as the circumstances warrant, as already done »y many 
investigators such as Braun-Blanquet (15). 

A few comments may be useful on what seem to me to be the 
current difficulties in statistical life-form research and some prof- 
itable lines of investigation for the future. A worldwide com- 
parison of bioclimatic zones based on life-form statistics and the 
major climatic types of the Koppen system would indicate their 
degree of conformity, and in the absence of coincidence of boun- 
daries might suggest modifications of both the biological and 
physical concepts of delineation of major natural areas. The great 
impediment to such investigations, however, is the wide lack of 
comparable floras, from the point of view of both the taxonomic 
treatment of the species and the details, provided concerning dis- 
tribution of the entities. Also, when a similar problem is con- 
sidered on a smaller geographic scale, there are usually inadequate 
local floras giving details of distribution. In the United States, for 
example, there are many State floras, but they are of unequal 
quality. When artificial geographic units such as States are em- 
ployed in the construction of life-form spectra for comparative 
purposes, the possible sensitiveness of the spectra to climatic 
boundaries is obscured, for nearly every area as large as a State 
will have two or more climatic types within its boundaries. 
Furthermore, in most States the published distribution records 
(by counties) are often inadequate for close comparisons. 

Although life-form spectra have been employed mostly for 
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general climatic analysis, there are enough studies available to 
suggest that they may be even more useful for the analysis of 
climatic variants and microclimates. Also it seems probable that 
life-form spectra when based on associations, not in the large sense 
of the association (cf. Clements) but more or less narrowly con- 
ceived, can reflect habitat changes with succession, important 
edaphic conditions, etc. 

The usefulness of life-form spectra for such investigations would 
seem to depend largely on some means of evaluating the species 
composing the flora of the communities. The weighting of the 
species could be accomplished by the use of any quantitative data 
concerning the species, such as abundance, frequence, or coverage. 
The use of such data, however, involves one immediately in all the 
problems of community sampling for phytosociological descriptions. 
It seems certain that the flora of the whole stand of the community 
should be used for the construction of the spectra, i.e. the plants 
of all of the layers taken together. In this case numbers of in- 
dividuals (often difficult or tedious to obtain) are not comparable 
from synusia to synusia. A thousand beech trees and a thousand 
anemones do not have the same significance. If frequency data 
are to be used, the quadrat size must be adjusted to the synusiae, a 
larger quadrat for larger life forms and progressively smaller 
quadrats for the successively inferior layers of the community. 
Coverage data seem perhaps the most useful, for coverage is more 
nearly independent of saimple-plot size than are density and fre- 
quency, provided only that the sample areas are large enough to 
include the typical flora in its characteristic structural develop- 
ment for the community. For use in life-form spectra, however, 
the usual unequal coverage classes of the phytosociologists are 
poor, and equal 5- or 10-per-cent classes probably should be used. 

Finally, I believe that life-form spectra for climax or near 
climax vegetation are the only ones that can reflect sensitively 
climatic correlations. Spectra for association variants might re- 
flect minor climatic variations. Spectra for successional com- 
munities of various sorts might reflect edaphic conditions and give 
a good measure of the changing environment as succession pro- 
ceeds. These, then, are some of the lines for future study that 
should be profitable. 








THE BOTANICAL REVIEW 


LITERATURE CITED 


Ackerman, E. A. The Képpen classification of climates in North 
America. Geog. Rev. 31: 105-111. 1941. 

. ApaMson, R. S. The plant communities of Table Mountain. I. Pre- 
liminary account. Sow. Ecol. 15: 278-309. 1927. 

————-—-, The plant communities of Table Mountain. II. Life-form 
dominance and succession. Jour. Ecol. 19: 304-320. 1931. 

-——-, The classification of life-forms of plants. Bot. Rev. $: 
546-561. 1939. 

—- and Oszorn, T.G.B. On the ecology of the Ooldea district. 
Trans. Royal Soc. So. Australia 46: 539-564. 1922. 

. Attan, H. H. A consideration of the “Biological Spectra” of New 
Zealand. Jour. Ecol. 25: 116-152. 1937. 

Atrtarp, H. A. An analysis of the flora of Bull Run Mountain region 
of Virginia using Raunkiaer’s life-form method. Jour. Wash. 
Acad. Sci. 34: 112-119. 1944. 

Axvorce, P. Les associations végétales du Vexin Francais. Théses 
Fac. Sci. Paris Nemours. 1-342. 1922. 

Brarucna, F. R. and Ferrema, D. B. The biological spectrum of the 
Madras flora. Jour. Univ. Bombay #: 93-100. 1941 

Boyxo, H. Die Vegetationsverhaltnisse im Seewinkel. Beihefte Bot. 
Centralbl. 51: 600-747. 1934, 

Bogrcesen, F. Contribution to the knowledge of the vegetation of the 
Canary Islands (Teneriffe and Gran Canaria). D. Kgl. Danske 
Vidensk. Selsk. Schrifter, Naturvidensk. og Mathern. Afd. 8, 
Raekke VI. 3: 285-398. 1924. 

——- . Fra en Rejse i Indien 1927-28. Bot. Tidsskr. 41: 113-154. 
1930. 

Braun-Bianguet, J. Les Cévennes Méridionales. Etude Phytogéo- 
graphique. Arch. Sci. Phys. Nat. 39: 72- ; 40: 39- . 1915 

——-. Die Brachypodium ramosum—Phlomis lychnitis—asso- 
ziation der Rolerdeboden Siidfrankreichs. Verdffentl. Geobot. 
Inst. Rubel Zurich 3: 304-320. (Festschrift Carl Schroter.) 1925. 

_——. Plant Sociology. XVIIII + 1-439. (Transl. G. D. Fuller 

and H. S. Conard). 

. ———_-——— and Marre, R. Etudes sur la végétation et la flore Maro- 
caines. Mém. Soc. Sci. Nat. de Maroc 8: 1-244. 1924 

BrocKMANN-Jeroscu, H. and Rtser, E. Eine Einteilung der Pflan- 
zengesellschaften nach Okologisch-physiognomischen Gesichtspunkten. 
1-72. 1912. 

. Cats, S. A. The composition and structure of an oak woods, Cold 

_ Spring Harbor, Long Island. Am. Mid. Nat. 17: 725-740. 1936. 

A biological spectrum of the flora of the Great Smoky 

” Mountains National Park. Butler Univ. Bot. Studies 7: 1-14. 
1945 

. Crapuam, A. R. A review of Raunkiaer’s “The Life Forms of Plants 
and Statistical Plant Geography”. Jour. Ecol. 23: 247-249. 1935. 

Crausen, J. et al. Experimental studies on the nature of species. I. 

Carnegie Inst. Wash., Publ. 520. VII + 1-452. 1940 

—-—-- et al. Experimental studies on the nature of species. II. 
“Carnegie Inst. W ash., Publ. 564. VII + 1-174. 1945. 

Crements, F. E. Plant Indicators. Carnegie Inst. Wash., Publ. 290 
1920. (See also Clements, F. E. Plant Succession and Indicators. 
1-453. 1928). 

. Cromer, D. A. N. and Pryor, L. D. A contribution to rainforest 
ecology. Proc. linn. Soc. New So. Wales 67: 249-268. 1942. 
Dansereau, P. L’Erabli¢re Laurentienne. I. Valeur d'indice des 
espéces. Contr. Inst. Bot. Univ. Montréal No. 45: 55-93. 1943. 





LIFE-FORMS AND PHYTOCLIMATE 31 


. Drupe, O. Handbuch der Pflanzengeographie. 1890. (Fr. ed., transl. 

G. Poirault, “Manuel de Geographie Botanique”. Lib. Sci. Nat. 

Paris. XXIII -+- 1-543. 1897.) 

—————-. Die Okologie der Pflanzen. X -+ 1-308. 1913. 

. Du Rrerz, G. E. Life-forms of terrestrial flowering plants. Acta 

Phytogeogr. Suecica 3: 1-95. 1931. 

. Ennis, B. The life forms of Connecticut plants and their significance 

. ogg - climate. Conn. State Geol. Nat. Hist. Surv., Bull. 43. 

~100. 1928. 

. Ewer, S. J. Life-forms of Illinois plants. Trans. Ill. State Acad. 

Sci. 24: 107-121. (1931). 1932, 

. Gams, H. iy sige der Vegetationsforschung. Viertelj. Naturf. 

Ges. Ziirich 63: 293-493. 1918. 

. Gates, F. C. Aspen association in Northern Lower Michigan. » Bot. 

Gaz. 90: 233-259. 1930. 

. Gertinc, P. Studies on the vascular plants of East Greenland between 

—_ ony Fjord and Dove Bay. Meddel. om Grgniand 101; 

. Grisepacn, A. Die Vegetation der Erde nach ihrer klimatischen An- 

ordnung. XV + 1-567. 1872. (2nd. ed., 1884; Fr. ed., 1877.) 

. Hacerup, O. Etudes des types biologiques de Raunkiaer dans la flore 

autour de Tombouctou. Kgl. Dansk. Vidensk. Selsk. Biol. Medd. 

9: 1-116. 1930. 

. Hartsnorne, R. The nature of geography. Ann. Assoc. Am. Georgr. 

29: 171-658. 1939. 

. Hayex, A. Allgemeine Pflanzengeographie. 1-409. 1926. 

. Hortrkawa, Y. and Sato, W. Studien tiber die Lebensformen der 

Phanerogamen in Japan-Hondo. Jour. Sci. Hirosima Univ. Ser. B, 

Div. 2, 3: 57-67. 1938. 

. Humpsoipt, A. v. Ideen zu einer Physiognomik der Gewichse. 1806. 

_— ~. Essai sur la géographie des plantes, accompagné d’un 
tableau physique des régions équinoxiales. XII + 1- 155, 1807. 

A sis a J. The families of flowering plants. Vol. I, 1926; Vol. 

, 1934. 

. Jones, G. N. A botanical survey of the Olympic Peninsula, Washing- 

ton. Univ. Wash. Publ. Biol. 5: 1-286. 1936. 

-——_——_——. The flowering plants and ferns of Mount Rainier. Univ. 

Wash. Publ. Biol. 7: 1-192. 1938. 

. Kenoyer, L. A. General and successional ecology of the lower tropical 

rain-forest of Barro Colorado Island, Panama. Ecology 10: 201- 

22. 1929. 

. Kerner voN Mariraun, A. Das Pflanzenleben der Donaulinder. 1863. 

. Lippmaa, T. La méthode des associations unistrates et le stysteme 

écologique des associations. Tartu Ulikooli juures oleva Loodusuur. 

Seltsi Aruand. 41 (3, 4). [Acta Inst. Horti Bot. Univ. Tartu 6: 

1-4. 1934.] 

_—_———. The unistratal concept of plant communities (the Unions). 

Am. Mid. Nat. 21: 111-145. 1939. 

. McDonaip, F. S., Sr. The life-forms of the flowering plants of 

Indiana. Am. Mid. Nat. 18: 687-773. 1937. 

. Moss, E. H. The vegetation of Alberta. IV. The poplar association 

= related vegetation of Central Alberta. Jour. Ecol. 20: 380- 

14. 1932. 

. Oostinc, H. J. An ecological analysis of the plant communities of 

Piedmont, North Carolina. Am. Mid. Nat. 28: 1-26. 1942. 

. Pautsen, O. The second Danish Pamir expedition. Studies on the 
vegetation of the Transcaspian lowland. Arbejder fra den bot. 

Have i Kgbenhaven 90: 1-279, 1912. 








THE BOTANICAL REVIEW 


_— -——, Some remarks on the desert vegetation of America. Plant 
World 18: 155-161. 1915. 

Pounp, R. and CLrements, F. E. Phytogeography of Nebraska. 1898. 
(2nd ed. 1900. 1-442.) 
Raunkiaer, C. Types biologiques pour la gcographie botanique. Bull. 
Acad. Royal Sci. Denmark 5. 1905. (See Raunkiaer, 1934.) 
——-———. Uber das biologische Normalspectrum. Kgl. Danske 
Vidensk. Selsk. Biol. Meddi. i, 4. 1916. (See Chap. X11 in ref. 56.) 

——-———-, The life forms of plants and statistical geography. XVI 
+ 1-632. Oxford. 1934. (This transl. contains the papers of 
Raunkiaer from 1903.) 

Allindelille Fredskov. Statistical investigations of the 
plant formations. Bot. Studier 3. Hefte. Arbejder fra den bot. 
Have i Kgbenhavn. 132: 165-226. 1935. 

Raup, H. M. Trends in the development of geographic botany. Ann. 
Assoc. Am. Geogr. 42: 319-354. 1942. 

Riiset, E. Geobotanische Untersuchungemethoden. XII +- 1-290. 1922. 

-—————-——-, Pflanzengesellschaften der Erde. VIII +- 464. 1930. 

Scurmeer, A. F. W. Pflanzen-geographie auf physiologis «er Grund- 
lage. XVIII 4+- 1-877. 1898. (Eng. ed. transl W. x. Fisher; 
rev. and ed. by P. Groom and B. Balfour, “ Plant geography upon a 
physiological basis”. XXX + 1-839.) 

. Taytor, N. A quantitative study of Raunkiaer’s growth-forms as 

illustrated by the 400 commonest species of Long Island, N. Y. 

Brooklyn Bot. Gard. Mem. 1: 486-491. 1918. 

. Tueopurasrus. Enquiry into plants. (Eng. transl. Sir Arthur Hort. 

2 vols. 1916.) 

. Turrmt, W. B. The plant life of the Balkan Peninsula. A phyto- 
graphic study. 1-490. 1929. 

Vani, M.- The growth-forms of some plant formations of Swedish 
Lapland. Dansk. Bot. Arkiv 1: 1-18. 1913. 

WarMincG, E. Plantesamfund. (Eng. transl. P. Groom and B. Balfour, 
“Oecology of Plants”. XI-+ 1-422. 1909.) 1895. 

Watt, A. S. Preliminary observations on Scotish beechwoods. Jour. 
Ecol. 19: 137-157 (1); 321-359 (2). 1931. 

Witurow, A. P. Life forms and leaf-size classes of certain plant 
communities of the Cincinnati region. Ecology 8: 12-35. 1932. 





FUNGICIDES FOR FOREST TREES, SHADE TREES 
AND FOREST PRODUCTS 
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INTRODUCTION 


Intensive control measures for forest tree diseases are generally 
impracticable, and for shade trees are limited in scope by the large 
size of the plants and the small number ordinarily under a single 
management. Forest pathology has therefore lagged behind or- 
chard and crop plant pathology in direct control measures, and has 
contributed little to the number of fungicides usable on living 
plants or to techniques of application. Helione orange reported 
successful in medication against a trunk infection (perhaps by anti- 
toxic action rather than as a fungicide) (22), phenyl mercury 
nitrate found to be a safe antiseptic for asphalt woundpaints (51), 
acids and aluminum and ferrous sulfates used for soil treatment 
against damping off of conifers (8) are among the few contribu- 
tions to useful fungicides from tree disease investigations. 

In the field of forest products the situation is quite different. 
Fungicides, using the term in a broader sense than that of Roberts 
(33), were in large-scale use on wood before they became estab- 
lished for the protection of plants or products of any other crop. 
Creosote, zinc and mercury salts, and the chlorinated phenols and 
phenates first reached the stage of large-scale fungicidal use on 
wood, 

TREE SPRAYING AND DUSTING 


In nurseries (8) Bordeaux mixture has been successfully em- 
ployed against a rust of hemlock, a Phytophthora seedling blight 
and leaf diseases of several conifers and broad-leaved species, but 
has been only partly successful against others. Spraying and dust- 
ing with fungicides in forests would be economically conceivable 
only in very special cases, and most likely by airplane or some fog 
device. Spraying of course is practicable for shade trees where 
large estates, municipalities or commercial tree men have the equip- 
ment needed for covering large trees, but most street tree spraying 
is done mainly because of insects. Fungicides have been recom- 
mended, in most cases without convincing experimental evidence, 
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for sycamore anthracnose, horse-chestnut leaf blotch, rust on cedar 
and leaf diseases of various other hosts. Conifers and broad- 
leaved trees other than black cherry and American beech are in 
general little subject to spray injury by standard fungicides. The 
conifers and particularly black locust among the broad-leaves have 
very waxy leaves or young shoots, and cannot be covered without 
wetting agents. 
TREE INJECTION 


Because of the long life and high individual value of shade trees, 
they offer a special opportunity for the development of medication. 
The results obtained with lithium salts against chestnut blight (34, 
35) were interesting but not good enough to make practicable the 
saving of the trees, as may also be said of the unpublished results 
of C. S. Moses and Berch W. Henry with 8-quinolinol against the 
Chalara wilt of oaks. Other notable efforts in this direction have 
been recently reviewed by Stoddard and Dimond (44). 


WOUND PROTECTION 


No entirely satisfactory wound dressing has been developed. A 


mix of dry Bordeaux and raw linseed oil has been considerably 
used (27). Where creosote-tar mixtures have been employed, it 
has been necessary to protect the cambium of some species at wound 
margins by tape or shellac. As in the treatment of wounds on 
animals, strong disinfectants by injuring host tissue may actually 
increase the infection hazard. An interesting case is that of chest- 
nut blight (unpublished work of J. Franklin Collins) in which it 
was found that more infections occurred at points where copper 
nails were driven through the bark than where steel nails were used. 

The most efficient use of fungicides to avoid infection of wounds 
has been against the very important canker stain of the London 
Plane, proved to be transmitted almost entirely in pruning. Any 
of a variety of fungicides applied to the tools and ropes used by the 
pruners ends most of the spread of the disease. The asphalt wound 
paints commonly used have no fungistatic value against the vascular 
species of Endoconidiophora that causes the disease, but have been 
made safe against serving as a transmitting medium for the fungus 
by the addition of 0.2% phenyl mercury nitrate. Of many fungi- 
cides tried, this was the only one that was both effective and harm- 
less to the cambium (51). 
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SEED TREATMENT 


This also is a procedure little developed for forest and shade 
trees. There are no important tree diseases known to be carried 
on the outside of seeds. The pre-emergence damping-off of broad- 
leaved species, chiefly caused by Rhizoctonia in the soil, offers a 
possible field for seed treatment. For damping-off of conifers a 
proprietary mercurial has been reported helpful on seed (32), 
but most damping-off losses come too long after germination to be 
affected by seed treatment. 


SOIL TREATMENTS 


For soil treatment against damping off of conifers (8), formalde- 
hyde has been used to some extent. Ten milliliters per square foot 
of seedbed is usually sufficient. Ethyl mercury iodide has been 
successfully employed at a nursery where large amounts of animal 
manure are applied to the beds, but the safety of the mercurials on 
most seedbed soils is questionable. Acidifying chemicals have been 
used. In soil as acid as that of many forest nurseries, loss of ex- 
change bases and injury to soil texture may be expected from such 
treatments. However, at nurseries with near-neutral soil, and es- 
pecially where the water supply is somewhat alkaline, sulfuric acid 
(43) or aluminum sulfate (18) has been successfully employed for 
many years (8, 19). Frequent watering is required during the 
emergence period to prevent occasional damage to radicals on soils 
that are not well buffered. Orthophosphoric acid (8), ferrous 
sulfate (8) and the less widely tested dithiuram sulfide (32) give 
similar damping-off control and have the additional advantages 
that the first supplies phosphate, and the second and third can be 
used without special watering, since neither has been known to in- 
jure conifers. However, these chemicals lack the weed-killing 
value of sulfuric acid and aluminum sulfate. It is not known how 
much of the value of the acidifying materials is in fungicidal or 
fungistatic action, and how much may be due to increasing the 
resistance of the hosts. 


SHORT-TIME PROTECTION OF FOREST PRODUCTS 


Wood that has more than 25% or 30% of moisture on the oven- 
dry basis is subject to damage by three functionally different groups 
of fungi. The molds, as the term is used in connection with wood, 
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are usually Ascomycetes or Fungi Imperfecti with light-colored 
hyphae, and are objectionable mainly because of sporophores or 
spore masses they produce on the surface. Molding of lumber 
is relatively unimportant, since these spores are removed by plan- 
ing. The stain fungi are those of the same taxonomic groups 
that have dark mycelium and thus discolor the wood to the depth 
reached by the hyphae, causing down-grading for many uses. Both 
groups are limited to the sapwood, in which they develop quickly, 
using the food materials stored in it, but having little effect on the 
cell walls or the major mechanical properties of the wood. The 
decay fungi, mostly Hymenomycetes, are slower working, but 
break down the cell walls of sapwood and ultimately of heartwood, 
destroying its value. 

In addition to the organisms that affect wood or fiber, plywood 
and wood pulp products can be damaged by molds and bacteria that 
attack the protein or starch-containing glues with which some of 
them are bonded. Painted wood can be injured in appearance by 
fungi that discolor the paint. Slime production, mainly by bac- 
teria, interferes with the process of making paper from wood. 
Against all of these types of difficulty, fungicides have been success- 
fully employed. 

Locs (39, 46, 50): On some logging operations it is necessary 
to store logs for weeks or even months before they can be sawed 
into lumber. <A high degree of protection against surface infection 
with stain or decay fungi can be obtained if the ends, and spots on 
the sides where the bark has been knocked off, are sprayed or 
brushed with a fungicide within 24 hours after cutting. Concen- 
trations recommended for logs are: for ethyl mercuric phosphate, 
0.045% ; for sodium penta- or tetrachlorophenate, 2.5% if used 
alone, or 1.4% if with 2.2% borax as adjuvant. The tetrachloro- 
phenate is recommended in the South only for hardwoods. Phenyl 
mercury oleate in petroleum is also successful. 

Green Lumser (29, 39, 46, 50): In the early decades of this 
century there was a considerable development in the Southern Pine 
Region of dipping lumber as soon as sawed, primarily to protect it 
against stain fungi during the seasoning period. Verrall has sum- 
marized this development in this journal (46).° Solutions of soda 
(usually a mixture of the carbonate and bicarbonate) in the neigh- 
borhood of 5-7% were commonly used at temperatures in the 
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neighborhood of 160° F. until displaced in the main by the newer 
fungicides described by Verrall. Of these, ethyl mercuric phosphate 
has replaced the less soluble and more volatile chloride used with- 
out heating. It and the chlorophenates, and mixtures of these with 
each other and with borax that he describes, have proven success- 
ful in dilutions that cost for materials about 1¢ per gallon, or 15¢ 
per thousand board feet of lumber (46, 50). The mercurials favor 
the development of one of the green forms of Penicillium but have 
the advantage of being less likely to cause dermatitis to the men 
who handle the freshly-dipped lumber. Fluorides were discarded 
largely because they favor increase in Trichoderm viride. Evi- 
dence has been presented that at least part of the apparent stimula- 
tion of the tolerant molds by these chemicals is really due to elimina- 
tion of competing organisms (49). In mixture with sodium 
chlorophenates the ethyl mercuric phosphate is converted into ethyl 
mercuric chlorophenate (11); most of the sodium chlorophenate 
remains unchanged because present in excess. Current treating 
recommendations are given by Verrall and Scheffer (50). 

The impression has prevailed that these water-soluble fungicides 
would be too readily washed off the lumber if it were exposed to 
rain in handling. In several trials, washing the treated lumber, 
begun an hour or more after dipping, had an unexpectedly small 
effect on the efficiency of the protection (36). This can be ex- 
plained in the case of the mercurials by the strong adsorption of 
the fungicide by the wood. In the case of the pentachlorophenate, 
the pH of the wood of the southern species commonly treated is 
below 6, and thus in the range in which most of this phenate in vitro 
changes into the relatively insoluble pentachlorophenol. The mix- 
tures containing much borax of course raise the pH of the wood 
surface, but in neither southern pine nor sweet gum does it appear 
to be raised sufficiently to maintain the fungicide in the water- 
soluble phenate form. Heavy rain washing immediately after dip- 
ping would be more likely to remove the fungicides. 

The adsorption of mercurials by wood results in considerable 
weakening of the solution during use (47). When the regular 
015% solution of ethyl mercuric phosphate has been reduced to a 
sixth of its original volume by dipping, bio-assay indicates that the 
residue may have less than one fifth of its original concentration. 
It appears advisable to bring the dip back to original volume by 
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adding fresh solution as soon as a fourth or a fifth of the solution 
has been taken up by the lumber. Fortunately there is only slight 
loss in effectiveness of sodium pentachlorophenate solutions dur- 
ing use. 

Increasing the temperature of the dips, and adding wetting 
agents, have not appreciably increased the effectiveness of the treat- 
ments now commonly employed. 

The volume of lumber dipped in 1941 was about four billion 
board feet, about a sixth of the then current cut. With the wartime 
seller’s market, scarcity of labor and at times scarcity of chemicals, 
the amount of dipping declined sharply. 

During the war many mills failed to dry lumber before shipping. 
This frequently resulted in deterioration in transit, and some cases 
of continued decay after the wood went into construction. The 
stain-control dips proved surprisingly effective in preventing both 
stain and decay infection in this unseasoned material, in some trials 
keeping green lumber of certain Pacific Coast species in apparently 
good condition for a year in close-piled stacks in which more than 
a third of the untreated lumber showed some stage of decay. Borax 
as a component of dipping mixtures appeared particularly valuable 
where decay prevention was the principal objective (55). 

FUNGICIDES IN PAPER AND FIBERBOARD MANUFACTURE: At 
paper mills, bacteria and other organisms produce slime that inter- 
feres seriously with operations. This is prevented in practice by 
chlorine alone or with ammonia, or by organic mercurials or chloro- 
phenates, the two latter in much lower concentrations than are used 
on logs and green lumber. Two chemicals of different types may 
be used, either alternately or in mixture, in order to forestall the 
building up of organisms that are resistant to a particular toxicant 
(2, 3, 10). 

It is sometimes necessary to store the “wet-lap” for a time before 
completing the manufacturing process. Serious losses that for- 
merly occurred from fungi developing during storage are largely 
avoidable by fungicides applied on the “wet machine” (24). So- 
dium fluoride, organic mercurials and chlorophenates are all effec- 
tive for this purpose. Dihydroxy dichlorphenyl methane (42) has 
also been reported effective. 

To increase the durability of insulating board, arsenicals and 
sodium pentachlorophenate have been employed; with the latter 
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alum is used, insuring a pH at which a high proportion of the 
phenate will be tixed by the fiber, presumably in the phenol form. 

There has been difficulty with the molding of fiberboard con- 
tainers, which in some cases appears to contribute to the disin- 
tegration of the board or the deterioration of the contents. The 
most effective answer to date appears to be in the use of sodium 
pentachlorophenate. If added to the “furnish” at the rate of 2% 
of the weight of the dry fiber when making the paper that is to go 
into the fiberboard, better protection against delamination is ob- 
tained than if it is added only to the glues with which the paper 
layers are bonded. Addition of 3% to each is probably needed for 
the best protection under very moist conditions. The same fungi- 
cide was found effective for the asphalt-treated paper used to line 
containers, though somewhat inclined to leach out (16). 

CONTAINERS: Fungus growth on wooden boxes received special 
war-time attention, largely because it obscured labels; in extreme 
cases decay was also involved. The water-soluble chlorophenates 
and their mixtures with ethyl mercuric phosphate and/or borax that 
are useful against stain of lumber are also advisable for boxes, espe- 
cially if the boxes are made of unseasoned wood. Even if infection 
has entered the wood, sufficiently concentrated solutions prevent 
heavy surface growth. Various oil-soluble materials are also ef- 
fective if the wood is not excessively moist when treated, but these 
are more expensive and the fire hazard must be considered (36). 

Plant bands for use in propagation require treatment to keep 
fungi from prematurely disintegrating the bands or using the 
wood of the band as a carbon source for a growth heavy enough 
to exhaust soil nitrogen. Pentachlorophenol or phenate, and cop- 
per naphthenate are regarded as most promising, and are being 
given commercial trial. 

The question has been raised as to whether a fungicide can be in- 
corporated in fiberboard or other container stock or placed inside 
containers, which would release enough vapor to protect the con- 
tents. For this, the use of diphenyl in citrus fruit wrappers sup- 
plied a precedent, as also the use of volatile fungicides in optical 
instruments. Of 46 chemicals tested in vapor form against molds 
on sapwood, leather, cloth-backed adhesive tape, malt agar, or all 
of these, paradichlorobenzene appeared the most promising (37). 
Ethyl mercuric chloride was very effective but is subject to too 
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much question «s to its safety for general use in closed spaces or 
for miscellanevus contents. Ethyl mercuric phosphate was much 
less effective, probably because of its lower volatility. ‘The studies 
did not reach the point of practical application. 

Prevention of mold in food container stock in general presents 
a difficult problem because of the possibility of poisoning the food 
or hurting the flavor. Sodium orthophenylphenate is considered 
safer than the chlorophenates. Of the chlorophenates, the penta- 
chlor is the safest because of its relatively low vapor pressure. By 
adding other materials, as borax, the concentration needed can be 
kept low. Materials at present more expensive that have been ef- 
fective against molds in tests and might be considered are octadecyl 
trimethyl ammonium pentachlorophenate and 8-quinolinol. On 
tomato picking baskets, Plastex, a mixture of coalfar and clay 
in which one of several fungicides is dispersed (41), is employed 
in some large operations with reportedly satisfactory results and 
no damage to contents. 


LONG-TIME PROTECTION OF FOREST PRODUCTS 


No attempt will be made to cover completely the large literature 
on wood preservation. For more complete coverage the reader is 
referred to the standard manual by Hunt and Garratt (23), to the 
summary from the botanical standpoint by Cartwright and Findlay 
(6), to the 44 volumes of the annual Proceedings of the American 
Wood Preserver’s Association, and to the Forest Service publica- 
tions on preservation, a list of which can be obtained on request to 
the Forest Products Laboratory, Madison 5, Wis. (15). The re- 
cent summary by Blew et al (4) of American fence-post preserva- 
tion trials its particularly worth notice. 

The attempt to preserve wood led to the first large-scale use of 
fungicides. Patents on the use of mercuric chloride and of creo- 
sote for this purpose were granted in Europe half a century before 
microorganisms were generally accepted as the cause of either plant 
or animal disease. An efficient installation for impregnation of 
timber with mercuric chloride was built in New England 25 years 
before the discovery of Bordeaux mixture was announced. Origi- 
nating as an art, the preservation of wood against decay has be- 
come largely a chemical engineering project ; Federal investigations 
in it are carried on by the Forest Service, but on some phases 
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pathologists have given assistance. Coal-tar creosote is employed 
on a scale requiring tankers for its transportation, and large amounts 
of zinc salts have also been used. One important effect has been 
to reduce greatly the drain on our forests for poles and ties, and 
to shift it from the naturally durable woods to the pines, thus avert- 
ing the rapid exhaustion of the durable species that threatened at 
the turn of the century. The state of mind in informed circles 
prior to the general development of preservation was indicated by 
the fact that the U. S. Bureau of Forestry in 1890 published a 
bulletin an inch thick on the use of steel ties as a contribution to 
forest conservation. 

The ideal treatment would be one that would protect simultane- 
ously against fungi, insects, fire, and the swelling and shrinking 
that come with moisture changes. Most of the preservatives used 
have value against both insects and fungi, and some oil-borne 
chemicals have more or less water-repellent effect, or can have 
moisture repellents incorporated with them. Impregnation with 
wax and more recently with synthetic resins has been publicized 
as giving multiple protection. A rather high degree of protection 
against fungi has actually been obtained with absorptions of around 
30% by weight of phenolic resin, and in some cases with urea resin, 
but these make the wood so hard, heavy and expensive as to limit 
their field of usefulness. The protection they give is probably 
more physical than chemical. 

It is interesting to note that ammonium phosphate and sulfate 
at the retentions used as fire retardants have also been found to 
prevent decay in accelerated tests against four fungi, though they 
permitted or even favored the development of some of the molds 
(40). This finding is the less surprising, since decay fungi that 
are able to grow in heartwood are accustomed to a nearly nitrogen- 
free environment. 

Since service tests of wood preservatives require 25 years or 
more to complete, the need for accelerated tests in this field is 
particularly acute. Various techniques have been used for test- 
ing the fungistatic capacity of proposed preservatives against pure 
cultures of wood-destroying fungi in agar, wood, wood pulp or 
sawdust, and for accelerated tests in the open. Methods based on 
inhibition of spore germination, as used in studying fungicides that 
are to be sprayed on plants (21), are not adapted to trials of wood 
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preservatives. Simulation of natural weathering of treated wood 
is necessary and difficult. There is yet no generally accepted quick 
method for judging probable preservative performance, but en- 
couraging progress is being made (6, 9, 20, 25, 31). Wood- 
rotting species, and in some cases strains within species, differ in 
their tolerance to different fungicides. The Division of Forest 
Pathology, U. S. Department of Agriculture, has about 300 species 
currently in culture, and the selection from the commoner of these 
of a sufficiently representative group of test fungi is one of the sub- 
jects of study. Lentinus lepideus is commonly employed because 
of its importance in creosoted wood, and Poria monticola (P. micro- 
spora) and Lenzites trabea because of their frequency in various 
forms of timber and tolerance, respectively, to copper and arsenic. 
Polyporus tulipiferus (Madison 517 formerly referred to Fomes an- 
nosus) and Poria incrassata have been much used but are less com- 
mon in nature. The copper-tolerant Poria xantha that frequently 
damages boats has also been used. In Europe the copper-tolerant 
P. vaporaria and the zinc-tolerant Coniophora cerebella have been 
favored test fungi. Probable persistence of preservatives in service 
can be inferred to some extent from solubility and vapor-pressure 
data, and these together with the results of fungistatic tests in agar, 
or better in wood, are of service in screening the large number of 
new chemicals and mixtures now available, and reducing them to 
the few that are worth including in the expensive and long-con- 
tinued service trials that must be made in different regions before 
conclusions can be final. 

Natural decay resistance of heartwood is a matter of practical 
interest, even in timber that is pressure-treated with preservatives, 
since the preservatives do not penetrate the heartwood portions of 
most species. The resistance of the naturally durable species has 
been found at least partially due to slightly water-soluble fungista- 
tic materials present in the wood (6, 38, 56). Better knowledge of 
these natural preservatives may some day serve as a guide to the 
development of better artificial fungicides. 

WATER-BORNE CHEMICALS: Among the chemicals used in wood 
preservation with water as the carrier, zinc salts have been the most 
important, while copper and mercury salts, and fluorides, borates, 
arsenicals, chromates and dinitrophenol or mixtures of these have 
also been employed. The chromates have been included for their 
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effect in preventing corrosion of metal fasteners by the preserva- 
tives, aad in the effort to decrease the losses of other salts by leach- 
ing, more than for their fungistatic value. Attempts to develop 
preservatives that can be introduced in soluble form, sometimes by 
double diffusion, but go into less soluble combinations in the wood, 
have been made in recent decades. The principal commercial out- 
comes of these attempts to date have been zinc meta arsenite and 
chromated zinc, copper, and copper-arsenic (28) preparations. An 
interesting two-stage treatment given extensive trial on boxes was 
with sodium pentachlorophenate and copper sulfate, with copper 
pentachlorophenate an expected product ; this was effective against 
molds but caused skin irritation in subsequent handling of the 
boxes. No water-soluble materials have thus far been shown 
equal to creosote for use in situations in which the wood is sub- 
jected to leaching, but some of them have the advantage of painta- 
bility and lower cost, and have a place, especially for wood that 
will not be in continued contact with soil or water, particularly if 
the wood is to be treated while still green. 

The safeguarding of glued wood against microorganisms re- 
quires protection of some kinds of glue. The synthetic resins with 
which most of the better plywood and other glued members are 
bonded are in general little affected by fungi, despite the fact that 
the phenol, resorcinol and formaldehyde that make up a large part 
of such resins generally lose their fungicidal value in the poly- 
merization that takes place during gluing. Most of the synthetic 
resins will probably need the addition of fungicides only if they are 
much extended by flour or other fungus-susceptible material. 
However, the protein glues that are used in much plywood are 
subject to attack by molds, or under very wet conditions by bac- 
teria, and delamination has frequently resulted. Much of the soy- 
bean glue in plywood containers for military use during the latter 
part of the war contained 4% of sodium tetrachlorophenate. This 
was not entirely satisfactory, but the use of higher concentrations 
or of the perhaps more effective pentachlorophenates was hampered 
by their unfavorable effect on the working qualities of the glue. 
The need in protein glues for high concentrations of fungicides 
that are effective in agar in hundredths of one percent, is not sur- 
prising, since value as a protoplasmic poison is likely to mean 
ability to combine readily with protein. 
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OILs AND OIL-BorNE CHEMICALS: Coal-tar creosote is the back- 
bone of the wood-preservative industry. Wood properly impreg- 
nated with it norrnally lasts 25 and often 50 or more years, even in 
contact with soil or water. The situations to which it is adapted 
are somewhat limited by its odor, color, tendency to “bleed”, and 
the fact that treated wood can be painted only with aluminum paint. 
It is a by-product, a mixture of compounds of imperfectly known 
composition and present in variable proportions. Probably in part 
because it is a mixture, it is generally effective against all the im- 
portant wood destroyers, though there is a remarkable species of 
Hormodendrum, a dark mold not perceptibly injurious to the wood 
itself, which is a regular inhabitant of creosoted wood and is not 
often found on untreated (7). Laboratory studies in agar have 
shown the most fungistatic constituents of creosote to be in the 
low-boiling fractions, but this has not been borne out by tests in 
wood (12); the persistent quality of its protection in practical ex- 
perience indicates considerable efficacy also for some of the less 
volatile constituents. The amount of the relatively inert pitch that 
creosote may contain, and the degree to which creosote can be ex- 
tended without loss of efficiency by adding petroleum are questions 
not yet fully settled. Wood-tar creosotes, water-gas-tar creosote 
and anthracene oils (carbolineum) have also been used but to a 
much smaller extent than the coal-tar creosote. 

Oil-soluble chemicals that have been used in recent years to a 
considerable extent include chlorinated phenols, copper and zinc 
naphthenates, and phenyl-mercury oleate. Of the phenols used, 
pentachlorophenol is the most lasting because it is less soluble in 
water and lower in vapor pressure than tetrachlorophenol or 2- 
chloro-o-phenylphenol. Mixtures of pentachlorophenol with one 
or both of the other chlorophenols are sometimes used, partly be- 
cause these mixtures are more easily d:<solved in light petroleum 
solvents. Pentachlorophenol is most readily soluble in petroleums 
of high aromatic content and is usually supplied as a concentrated 
solution which can be diluted with any of the ordinary petroleums. 
During periods of creosote shortage, mixtures of pentachlorophenol 
and creosote have been used, but with reported difficulty in avoid- 
ing sludging at high temperatures unless the water driven out of 
the wood during treatment is disposed of. Copper naphthenate 
has also been used in mixture with creosote. Solvents for pre- 
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servatives used on wood that is to be painted range from mineral 
spirits to kerosene or even light Diesel oil if absorptions are low ; 
mineral spirits are best if the painting is to be done within a few 
hours. Copper naphthenate is said in some cases to “bleed” 
through a single coat of light-colored paint. The phenylmercury 
oleate is not recommended for wood that is to have contact with 
soil, and none of these preservatives has been extensively tested 
for a period long enough to show how it compares with creosote 
in lasting quality. 

Paint: Paint has less protective value against fungus damage 
than has sometimes been claimed for it. In some situations excep- 
tionally well maintained paint coats may help very considerably by 
hindering the pickup by the wood of intermittent moisture, and it 
may have some fungus-barrier action. On the other hand, if 
applied to green wood or in any situation in which water gets be- 
hind it, it probably favors decay by hindering the evaporation of 
moisture. 

In very moist situations, especially along the coast of the Gulf 
of Mexico, paints are themselves subject to damage by fungi which 
can spoil the appearance of houses. Thymol, mercuric chloride, 
phenylmercuric naphthenate, and chlorophenols or mixtures of 
these are sometimes added to paint to prevent its discoloration by 
dark mold fungi. A high percentage of zinc pigment decreases 
the likelihood of damage (30). 

Metuops OF APPLYING PRESERVATIVES: The thorough impreg- 
nation that is required for good protection is not easy to obtain. 
The most certain way to get it is with pressure, aided by heat 
which decreases the viscosity of the oils used. For preservatives 
not water-soluble, the wood is usually first seasoned for a time 
to reduce the moisture content. In the original full-cell process, 
vacuum was used before introducing the preservative. In a re- 
cently developed method for small installations, vacuum is used 
without either heat or pressure (14). The empty-cell or Rueping 
technique employs air under pressure at first, then forces the pre- 
servative into the wood at still higher pressure, and after some 
hours releases the pressure so that a considerable part of the pre- 
servative is forced out of the wood by the internal air cushion and 
recovered. This leaves sufficient preservative in the wood for fun- 
gus protection and is economical of preservative, and the treated 
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_ wood is lighter and cleaner. From six to 12 pounds of creosote 
are ordinarily retained per cubic foot of wood. Treating plant 
charges for an eight-pound treatment with creosote or chloro- 
phenols have recently been in the neighborhood of $40 per thousand 
board feet ; for water-soluble salts the cost is lower. 

Despite the best of treatment there is usually a core of untreated 
wood. As far as possible boring and fitting should be done before 
treatment. When this is not feasible, unpenetrated wood exposed 
in subsequent cutting should be given heavy brush or dip treatment 
with preservative. 

In attempts to avoid the cost of pressure treatment, various ef- 
forts are made to get effective treatment without pressure. The 
method most used is the hot-and-cold bath. The wood is soaked 
in a hot bath till it is heated through and the resulting expansion of 
the air in the wood drives much of it out. The wood is then shifted 
to a cooler bath, or the hot liquid replaced by cold, or the original 
bath is allowed to cool with the wood still in it, and the contraction 
of the air in the wood allows the outside air pressure to force in 
the preservative. The initial heating may be in hot air (23, p. 
191) or in boiling water (53), thus avoiding loss of fungicide from 
vaporization in the hot bath. The hydrostatic pressure obtained 
by holding the wood at the bottom of a deep vat (5) also helps, 
but may not increase the depth of penetration as much as it does 
the amount absorbed. The cold bath should not be too cold, since 
at low temperatures oils are too viscous for the best penetration. 

A device for securing penetration by water-soluble salts in green 
wood is to apply a mixture of them in the form of a paste which 
is kept moist for some weeks (23, p. 196). With permeable woods 
and favorable conditions, fluorides may diffuse deeply ; most fungi- 
static salts do not diffuse so freely. The introduction of preserva- 
tives into the sapstream of the living tree or through the ends of 
freshly-cut logs is discussed by Hunt and Garratt (23, p. 200) and 
Wilford (54). 

Cold bath treatment alone, even when continued for several days, 
usually gives less penetration. In uninfected wood, penetration 
across the grain during the first few minutes of such treatment is 
measured in hundredths of an inch, and hours of soaking may result 
in surprisingly little additional penetration. However, with a light 
oil solvent, even at temperatures below the freezing point, long 
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soaking was reported in one set of tests to have resulted in good 
penetration (52). Mc ement with the grain is more rapid, de- 
pending on the wood structure. 

Shallow treatments have little protective value for wood thick 
enough to develop deep checks, or for any kind of wood that will 
be in contact with the soil. However, even brush or dip treatments 
with oil-borne preservatives that can be easily applied on construc- 
tion jobs, have given indications of value for exterior woodwork 
that is to be painted and kept above the soil, such as sash, doors, 
porches, steps, railings, automobile bodies and boats. Joints, which 
are the places of greatest decay hazard, appear to be particularly 
benefited by brief treatment (48). In well-replicated experiments 
in southern Mississippi, joints of nominal 2” x4” sap pine were 
treated by heavy brushing, or by a short cold soaking, before as- 
sembly, so that surfaces in the joints were treated as well as external 
surfaces. They were then painted and exposed outdoors under 
conditions that caused early decay in similar assemblies that were 
given ordinary paint only. All units given a 15-minute soak in 5% 
pentachloropheno! still appeared good after seven years, and copper 
naphthenate (0.5% copper) did nearly as well, whereas all un- 
treated units were decayed. It is of course impossible to say how 
long such protection may last. Pentachlorophenol, and phenyl- 
mercury oleate which was also effective but somewhat less so, are 
subject to slow loss by vaporization, though less so than some of 
the more toxic components of creosote. 

Treatment of wood after it has been put into service has been 
frequently attempted, but the only large use to which it has led is 
that in which pentachlorophenol, arsenicals or creosote and sodium 
fluoride are put into the surface soil around old poles to give them 
a few additional years of service by retarding external decay (17). 
It is entirely possible to prevent infection or even stop decay already 
present, for example, by putting preservatives into holes bored in 
the wood, or feeding it gradually to wood surfaces by a wick leading 
from a container ; but systems that will maintain a sufficient supply 
of both preservative and solvent long enough to insure sufficient 
penetration are not easy to set up in all situations, and have not been 
intensively studied. The brush or spray treatments often given 
wood in place may have negative value, since they give a false sense 
of security and lead to the neglect of such important factors as 
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control of moisture. However, when new untreated lumber is sub- 
stituted for wood members that have been taken out because of 
decay, heavy brush treatment is justified of both the new wood and 
of adjacent wood that is left in place, on the surfaces where they 
will be in contact. Such treatments used in joints experimentally 
have hindered the spread of decay fungi out of infected members 
as well as its entrance into sound members (45). 

Large differences are found in wood penetrability (23). Heart- 
wood of most of the important timber species is difficult or impos- 
sible to penetrate. Sapwood penetration is much easier in some 
species than in others. Vessels without tyloses, as in red oak, aid 
in penetration. In the conifers, permeability tends to be inversely 
correlated with the proportion of bordered pits in the cell walls that 
are closed by aspiration of the pit membranes. The effect of previ- 
ous infection of the wood by bacteria or fungi in the standing tree 
or in the log, on the penetration of preservatives, needs further 
study. In laboratory tests wood infected with a staining fungus 
was more readily penetrated by a staining fungus than was unin- 
fected wood (26). On poles on which shallow decay had de- 
veloped, spraying with pentachlorophenol in petroleum was re- 
ported to have resulted in sufficient penetration to stop the decay 


(15). 
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EARLY AND NOT TOO CONVINCING INVESTIGATIONS 


That toxic substances may be given out to soil by higher plants 
and that these substances may affect the growth of the same or 
other species is a theory which while old is not yet generally ac- 
cepted. DeCandolle (8) noted that certain species appeared to be 
specifically inhibitory to the growth of associated species, as, for 
example, Euphorbia versus flax and thistles versus oats. On the 
basis of these observations deCandolle developed a theory of crop 
rotation embodying the general idea that each member in a 
rotation should be a species not inhibited in its growth by toxic 
substances left from the preceding crop. Liebig (15), while he 
originally supported the theory of deCandolle, later and as a re- 
sult of his exhaustive analyses on the depletion of soil minerals by 
crops, came to the conclusion that not only the amounts but the 
balances between inorganic materials in the soil are of importance 
in the growth of plants. On this basis he ultimately discounted 
the notion that toxic substances may be of importance in regulating 
crop yields. From the time of Liebig until the present day, plant 
growth interactions have been almost unanimously interpreted in 
terms of mineral nutrition effects, or more recently in terms of 
water competition. 

The interest in toxic secretions of plants arose in part from a 
consideration of so-called soil sickness due to one-crop agriculture. 
Thus it was frequently observed in early experiments that as a 
piece of ground was continuously cropped to one plant the yields 
decreased and that these decreases could not be made up by ad- 
ditional fertilizer. Besides the injurious after-effects or yield- 
lowering effects of one-crop agriculture, several cases of harmful 
interaction between plants grown adjacent to each other in a field, 
or of one crop on a succeeding crop, were also recorded. Thus 
effects of grass on fruit trees, of walnut trees on other plants, of 
corn, rye, thistles, turnips, sesame, rutabaga and others, were ob- 
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served (6, 19, 22, 25). Some species were consistently reported 
in the early literature easily injured by other plants, as, for ex- 
ample, fruit trees susceptible to injury by grass; grapes, alfalfa 
and tomato, and others susceptible to injury by various other 
species. 

In the years 1900 to 1910 there was a considerable revival of 
interest in the possibility of toxic secretions from plants. In 1903 
Pickering (20) published the first of a series of works (1, 20, 21) 
on the injury of apple trees by grass. This effect, which appears 
to have been a real one, was successively attributed to nutrient 
competition and to harmful effects of oxygen exclusion from the 
fruit tree roots by the grass. Each of these possibilities was ruled 
out on the basis of specific experiments, and the author finally 
concluded that the pernicious effects of grass were due to a direct 
poisoning effect on apple roots. The clearest experiments con- 
sisted of growing two plants in separate containers, the grass in a 
tray above the container in which the fruit tree was grown, so 
that the roots of the two species did not intermingle, but so that 
the apple roots received the washings of the grass roots. In this 
way it was noted that the grass inhibited the growth of young 
apple trees by some means apparently carried from one pot to the 
other by leachings. This experiment indicates strongly that un- 
der some conditions at least some grasses can give out substances 
which inhibit the growth of apple trees. Whether this effect ob- 
tains under field conditions was not clearly resolved by the ex- 
periments of Pickering. Russel (26) and Howard (13, 14) have, 
on the other hand, interpreted the results of Pickering as owing to 
nitrogen removal by the grass. 

Livingston (16), working on the harmful effects of bog soil, 
showed that waters obtained by leaching a bog soil contain 
materials which are toxic to the growth of numerous species. In 
no case were the harmful substances isolated from water obtained 
by leaching bog soils, but it was noted that the substances were in 
some cases volatile, and in some cases apparently of colloidal 
nature. 

The best known and perhaps most widely discussed work on 
toxic substances in soil is that of Schreiner and co-workers in the 
Department of Agriculture in the early years of the twentieth 
century (28-34). Schreiner et al. found that in certain soils 
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where fertility had been reduced, for example, by cropping to one 
plant for a series of generations, water extracts could be made 
which were toxic to the growth of wheat. The toxic pri:ciples 
were isolated and found to be in various cases picolonic acid, 
salicylaldehyde, vanillin and dihydroxystearic acid. Many other 
substances were isolated from soil, but only these four were found 
in amounts sufficient to cause actual toxic activity at the levels in 
which they occurred, and correlations could be established between 
infertility of a given soil and presence of one or more of these com- 
pounds. Other workers in the field of plant nutrition have pointed 
out, however, that many causes of soil infertility, in addition to 
the accumulation of toxic substances, are of importance, and it is 
undoubtedly true that Schreiner and his colleagues over-em- 
phasized the role of toxic substances in bringing about soil in- 
fertility. In an over-all estimate of the work of Schreiner it may 
be concluded that it did show that toxic substances can accumulate 
in soils and did identify the chemical nature of these substances. 
It did not, however, show how the cornpounds arise from plants 
presumed to make them, nor did it work out satisfactorily the 
relative importance of these compounds in the regulation of plant 
growth in comparison with other factors which may limit yield. 


MORE RECENT AND MORE CONVINCING INVESTIGATIONS 


With the discrediting of soil toxicity in the general reaction 
against the work of Schreiner et al., interest in the subject of toxic 
substances in soil lagged for more than 15 years. In his review 
of 1937 Loehwing (17) came to the conclusion that the literature 
up to that time did not provide evidence for any important role of 
any soluble toxic substance in any normally aerated soil, a con- 
clusion which he shares with Russel (26). In relatively recent 
years several specific instances of injury to one plant by substances 
given off by the same or different species have been brought for- 
ward. This later work is in general more convincing than the 
earlier investigations and is in some cases based upon thorough 
chemical experiments. 

One of these newer reports concerns the black walnut tree. 
This tree has been observed many times to exert detrimental 
effects on neighboring plants of a wide variety of species. The 
area over which black walnut trees exert this influence is coin- 
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cidental with the spread of the root system of the tree. Davis (7) 
sought to identify this injurious effect with the compound juglone 
(5-hydroxynaphthoquinone) which is found in both the aerial 
parts of the plant and the roots. He showed that this compound 
is toxic to alfalfa and to tomato plants. Davis did not, however, 
show that juglone is liberated to the soil by roots of black walnut, 
and he did not establish that the injurious effects of black walnut 
trees on other plants in the field is due to the liberation of juglone 
or any other toxic substance. He merely correlated the existence 
of a toxic substance in the plant with the observed inhibitions 
carried out by the tree. 

A second instance of toxicity owing to plant inhibitors produced 
by roots was clearly demonstrated in the elegant experiments of 
H. M. Benedict (2). Benedict worked with a brome grass 
(Bromus inermis). This grass, after growing several years, at- 
tains a condition: known as “sodbinding” in which the stand begins 
to thin out and the plants to die back. Benedict suspected that 
this dying out of old brome grass stands might be due to the ac- 
cumulation of toxic substances produced by brome grass roots. 
He showed that dried roots of brome grass are inhibitory, even 
in small amounts, to growth of brome grass seedlings. This was 
demonstrated, for example, in nutrient culture or in sand culture 
by taking a nutrient solution leached through an old culture of 
brome grass and supplying this leached nutrient to seedlings. It 
was also demonstrated by the incorporation of dried brome grass 
roots in sand in which further brome grass seedlings were grown. 
Benedict did not, however, show that any toxic substances from 
brome grass roots actually accumulate in sod in old brome grass 
stands to the extent necessary for inhibition. In short, while he 
established the presence of a toxic substance in brome grass roots, 
he did not establish that root inhibition is active under field con- 
ditions. Meyers and Anderson (18) have sought to identify sod 
binding of brome grass with nitrogen deficiency and have shown 
that application of nitrogen can partially overcome the growth in- 
hibition which results from culture of brome grass in soil which 
has previously supported brome grass. Their data clearly rein- 
force the conclusion of Benedict in that well fertilized brome grass 
soils still give yields much smaller than those obtained from soils 
in which brome grass has not previously grown. 
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A third investigation of recent years which bears on this dis- 
cussion is that of Proebsting and Gilmore (23), which concerns 
the difficulty of re-establishing peach trees in soil which had pre- 
viously supported a peach orchard. After ruling out nutritional 
factors or pathogenic organisms as causative agents in the slow 
growth of replanted peach trees, Proebsting and Gilmore showed 
that peach roots when incorporated into sand are inhibitory to the 
growth of young peach trees. This effect was duplicated by al- 
cohol extracts of peach roots, the alcohol-insoluble residue being 
non-toxic to peach trees. Here again, while it was clearly demon- 
strated that the roots of a particular species contain an inhibitor of 
growth, it was not shown that the substance concerned actually 
escapes into the soil and is active under field conditions. 

Two less well-known investigations concerning plant toxic sub- 
stances are those of Waks (39) and Bode (3). Waks showed 
that the roots of Robinia pseudo-acacia contain a principle highly 
inhibitory to other species, and he proposed that this toxin may 
contribute to the lack of undergrowth in Robinia plantings. Bode 
worked with an entirely different sort of inhibitor, one given off 
by leaves of Artemisia Absinthium. This investigation will be 
considered later. 


J 
EXCRETION OF ORGANIC SUBSTANCES 


A matter of general interest to the problem of toxic substances 
given off by plants is the question of whether or not living roots 
are capable of giving off organic substances to soil. The idea of 
active root toxicity supposes that roots may be able to give off to 
the soil specific organic substances. It is evident that there may 
be, in addition, another kind of root toxicity, that in which toxic 
substances may be liberated from dead or dying roots, and it may 
not always be possible to distinguish between the two kinds of 
toxicity. In any case it is well established that living roots are 
able: to give off organic substances to the soil or other substrate in 
which the plants are grown. This was shown by early workers 
who found that the lower plant acids are excreted by roots; oxalic 
acid, for example, is given off by Oxalis (9). Legume roots also 
excrete sizeable quantities of organic acids and of amino acids, as 
has been shown by Virtanen et al. (37, 38). These instances are 
the best authenticated cases of excretion of organic materials by 
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roots. On this basis it would seem entirely possible that organic 
substances in the soil could indeed arise as excretions from living 
roots. It has not as yet been entirely satisfactorily established, 
however, that in any particular case of a suspected root toxin the 
substance is actually excreted by living roots. 

Final demonstration of production by a given plant of a sub- 
stance inhibitory to the same or other species can be only by 
isolation of the compound in pure form and demonstration that 
the substance isolated is actually the agent by which the inhibition 
is achieved. In the two cases which will next be considered, both 
of these criteria have been met. 


THE MOST RECENT INVESTIGATIONS 


GUAYULE. Early in 1940 the plant physiology group at the 
California Institute of Technology instituted a program of research 
on growth and rubber formation by guayule. During visits to the 
guayule plantings at Salinas observations were made which sug- 
gested that guayule may under some circumstances show evidence 
of severe root interaction. Thus in a closely planted nursery the 


edge rows of plants are much larger than the center rows. This 
did not appear to be due to water or nutrient competition, since 
the differences in growth were not eliminated by heavy watering 
or by heavy applications of fertilizer. It was also observed that 
when plants grew adjacent to one another the roots of one plant 
did not intermingle with those of a second but grew out into areas 
not explored by other guayule roots. Experiments were there- 
fore set up to determine whether it might be possible that guayule 
gives off a growth inhibitor. The first of these experiments (5) 
involved leaching of nutrient through sand cultures of one-year-old 
guayule plants. This leached nutrient was then supplied to 
younger plants also grown in sand culture. It was found that 
whereas guayule plants fed with fresh unleached nutrient grew 
rapidly, plants supplied with nutrient which had been leached 
through the sand containing an old guayule plant were greatly in- 
hibited in growth. This effect was not due to removal of nutrient 
by the older guayule plant, as was shown by analysis of the 
nutrient solution. In addition the nutrient solution leached 
through guayule plants was entirely inactive in inhibiting the 
growth of tomato plants. Similarly, nutrient solution leached 
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through cultures of actively growing tomato plants was inactive in 
inhibiting the growth of guayule. 

A secund method of demonstrating the production of toxic sub- 
stances by guayule sand cultures was based on recirculation by a 
continuous drip method through either cultures containing seed- 
lings only or through cultures in which seedlings were grown in 
one pot and eight-month-old plants grown in a second pot. Thus 
in one series the nutrient solution was recirculated over the seed- 
ling plants only, while in a second series the nutrient solution was 
circulated through a more mature plant and then through a seed- 
ling plant. The nutrient solutions in both cases were adjusted at 
regular intervals to make up for the amounts of nutrients removed 
from solution. It was found that the presence of an older plant 
in the recirculation system very considerably inhibited the growth 
of the guayule seedlings. 

In a third experiment seedling guayule plants were grown under 
larger guayule plants. In nature seedling plants are seldom found 
under mature guayule plants but are found growing under other 
kinds of shrubs, as is general with desert plants. In this experi- 
ment use was made of one-year-old guayule plants growing in 
sand culture and pots. Two guayule seedlings were planted in 
the sand adjacent to the guayule plant. In addition a small ex- 
cavation in the sand was made and a glass jar inserted into this 
hole. The glass jar was then filled with fresh sand and two other 
guayule seedlings planted in it. Thus the seedlings in the glass 
jar received the same shading effects as those received by the 
plants grown in sand directly under the guayule plant. They were 
not, however, subjected to any possible inhibitory influences which 
might be contained in the sand around the guayule plant. Seed- 
lings grown under guayule plants showed a high mortality and 
grew at a slow rate, whereas those grown under the same con- 
ditions but in a separate glass jar showed good growth and a 
lower mortality. 

Isolation of the toxic substance given off by guayule roots was 
made possible by a test for toxicity which was based upon the 
growth of guayule seedlings in nutrient solution. The fractions to 
be tested for toxicity were added directly to the nutrient solution 
in which the seedlings were grown. The source of toxic material 
for the initial experiments was nutrient solution which had been 
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recirculated over older plants. For this purpose guayule cultures 
were arranged in a greenhouse in such a fashion that nutrient 
solution was continuously dripped over them. The nutrient 
solution which drained through each crock was then pumped back 
and recirculated. 240 plants were recirculated with 60 gallons of 
nutrient solution and the recirculation continued for 30 days. At 
the end of this time the recirculated nutrient solution was con- 
centrated and subjected to fractionation. 

Nutrient solution which had been recirculated in the above 
fashion over guayule plants for 30 days was found to be inhibitory 
to the growth of seedlings in the standard seedling toxicity assay. 
Thus the nutrient solution used supported only approximately 50% 
of the growth of control plants grown in nutrient solution which 
had not been recirculated over older plants. The toxicity of this 
material was heat-stable, but was destroyed by ashing. It was, 
futhermore, an ether-soluble organic acid. These observations 
show clearly that nutrient solution recirculated over guayule plants 
does contain an inhibitor of guayule growth and that this inhibitor 
is an organic compound. 

Numerous experiments were made in an attempt to isolate the 
compound from this source. They failed, however, because of the 
fact that 60 gallons of nutrient, solution obtainable only by invest- 
ment of much labor yielded about 80 milligrams of highly active 
concentrate which was not in pure form. Isolation of toxic 
material from other sources was therefore attempted, and success 
was obtained in the following way. Guayule plants taken from a 
nursery and possessing long straight roots were superficially 
washed, then packed in crocks, and distilled water placed over 
them. The water was allowed to leach the roots for one day and 
was then drained off and concentrated. 20,000 roots of guayule 
plants yielded in this fashion about 460 grams of total solids. 
From 460 grams of total solids, which were highly toxic to the 
growth of guayule seedlings, about 17 grams of ether-soluble or- 
ganic acids were obtained. These 17 grams in turn yielded in 
separate experiments approximately 1.6 grams of a crystalline 
toxic material. This material was shown to be identical with 
trans-cinnamic acid (5). Trans-cinnamic acid is highly toxic to 
guayule seedlings, about 50 milligrams per liter causing one-half 
inhibition of growth in height in the standard toxicity assay and as 
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little as one milligram per liter giving significant growth in- 
hibition. 

Cinnamic acid is a normal constituent of the guayule plant as 
well as of other plants which contain essential oils or resins. In 
guayule cinnamic acid is found both in the free and in the com- 
bined form, the combined form being a constituent of the resin, 
partheniol cinnamate. Since the compound obtained from washed 
roots is a normal constituent of the plant, it seems unlikely that it 
arises secondarily from the bacterial decomposition of dead roots, 
but it may represent an actual excretion of the root. It might be 
mentioned that cinnamic acid appears to be selective in its tox- 
icity. Thus guayule seedlings were found to be at least a hundred 
times as sensitive to cinnamic acid as tomato seedlings. Cinnamic 
acid is toxic to the growth of guayule plants even in soil cultures, 
the incorporation of ten milligrams of cinnamic acid in 1,500 grams 
of soil, or a concentration of less than one part in 100,000, exerting 
a significant effect in depressing the growth of the plants over a 
period of six weeks (4). Cinnamic acid is unstable, however, in 
soil and disappears relatively rapidly, as shown by experiments in 
which the toxicity of soil containing varying amounts of added 
cinnamic acid was tested after varying intervals of time. In no 
case did a detectable amount of cinnamic acid remain after eight 
weeks, even in cases where as much as one gram of cinnamic acid 
had been added to 1,500 grams of soil. Experiments undertaken 
to determine the nature of this disappearance showed that cin- 
namic acid is stable in soil which has heen sterilized by autoclav- 
ing. On the other hand it rapidly disappears from soil which is 
not sterilized and which is incubated at ordinary temperatures and 
with a water content approximating field capacity. Thus when 
one-tenth milligram of cinnamic acid was incorporated per gram 
of soil and the soil then incubated, all toxicity disappeared within 
two days. ‘When ten times as high a concentration of cinnamic 
acid was incorporated into soil, all of the added toxicity disap- 
peared within 14 days. The conclusion then would appear to be 
that cinnamic acid is destroyed in soil, probably by activity of 
microorganisms, since this disappearance does not take place in 
sterilized soil. Accumulation of cinnamic acid under field con- 
ditions would be expected to be small or negligible, therefore, in 
soils which contain organisms capable of carrying out this de- 
struction. 
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A series of investigations were made of the possible content of 
growth-inhibiting substances, such as cinnamic acid, in soils of 
different types which had supported the growth of guayule plants 
in the field. In no case was any toxicity found in these field soils, 
even though guayule plants had been growing in them for periods 
up to eight years. Toxicity was found, however, in soil from pot 
cultures which had supported growth of guayule plants for periods 
of one to two years and in which severe pot binding had occurred. 

In conclusion it may be stated that no soil accumulation of toxic 
substances could be demonstrated in any field planting where 
guayule had been shown to grow successfully. The investigation 
has established that guayule does give off, or lose to the surround- 
ing medium, a toxic compound. Under conditions of good agri- 
cultural practice, however, this substance does not appear to ac- 
cumulate and it may be destroyed as rapidly as it is produced. In 
any case the production of the toxic substance appears to be of 
significance only in pot culture or perhaps in nurseries where 
plants are grown in crowded conditions for long periods of time. 


ENCELIA. A second instance of a toxic substance given off by a 


higher plant is that of Encelia farinosa, a desert shrub of the 
family Compositae. Encelia, in contrast to most desert shrubs, 
does not harbor a growth of annuals under its branches. This 
fact is of particular interest because shrubs of closely comparable 
size and habit, such as Franseria dumosa, do harbor considerable 
populations of desert annuals (40). The phenomenon might be 
due to any number of interactions between Encelia and associated 
species. Experiments (11) show, however, that the lack of asso- 
ciated plant growth with Encelia may be due to a toxic substance 
given off by Encelia plants. In preliminary experiments Encelia 
was grown in the greenhouse in sand culture, and the possibility of 
toxic substances arising from its roots was investigated by methods 
similar to those used with guayule. No evidence of any toxic sub- 
stance from the roots could be found. The effects of Encelia 
leaves on the growth of other plants was then investigated. This 
was done in a wide variety of ways. In one type of experiment, 
leaves were scraped up from sand under the Encelia plant in its 
natural habitat. These leaves were then brought to a laboratory 
and placed as a mulch on the surface of sand in which a tomato 
plant was growing. It was found that as little as ten grams of 
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leaves per tomato culture caused severe retardation of growth, 
while ten to 20 grams of leaves frequently killed the tomato plant. 
If the leaves were incorporated in the sand the effect was even 
greater. There is a certain selectivity in the action of Encelia 
leaves in inhibiting plant growth, since tomato, pepper and corn 
are greatly inhibited, while Encelia itself, barley, oats and sun- 
flower appear to be but little affected. In a further study of this 
problem, use was made of a toxicity assay involving the growth 
of tomato seedlings in nutrient solution, an assay essentially similar 
to that used for the guayule toxic substance. The materials to be 
tested were added to the nutrient solution and in this case were 
generally so toxic that it was necessary merely to inspect the test 
plants after one day and determine which ones had been killed 
and which ones remained alive. 

The toxic substance of Encelia leaves was found to be extract- 
able with ether, the ether extracts being highly toxic to tomato 
seedlings, while the residue left after ether extraction was essen- 
tially non-toxic. An extract of 50 milligrams of Encelia was 
found to kill one half of the test tomato plants within one day, 
while by contrast an extract of 100 milligrams of tomato leaves 
was without effect. The inhibitor contained in Encelia leaves was 
non-volatile, heat-stable, and appeared to be a neutral compound. 
The active material involved was isolated from dried Encelia leaves 
by successive fractionations with benzene, water, benzene petro- 
leum ether, and recrystallization from ether, the leaves yielding 
about 0.5 milligram of pure crystalline inhibitor per original gram 
of leaves. There is undoubtedly several times this amount present, 
since the mother liquors from which the material was crystallized 
contained additional amounts of the substance. Inhibition of 
growth in the tomato seedling test was brought about by concen- 
trations of the order of 20 milligrams per liter, half inhibition be- 
ing caused by a concentration of 50 milligrams per liter. At a 
concentration of 250 milligrams per liter all of the test plants were 
killed within one day. The toxic substance isolated from Encelia 
leaves was shown to have the structure 3-acetyl-6-methoxyben- 
zaldehyde, a compound not previously known either in nature or 
to organic chemistry. The structure of this compound was con- 
firmed by synthesis and the synthetic compound shown to have 
the full activity of the natural material (12). 
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Inhibition of germination and growth of seeds and seedlings of 
normally shrub associated species has been achieved both in the 
field and in the laboratory by placing a mulch of Encelia leaves 
over the substratum containing such seeds. It is known also that 
the leaves which fall from the Encelia plant to the ground under 
the Encelia shrub retain their toxicity toward tomato and other 
sensitive plants for at least a year or more, and that this toxicity 
may be leached into the soil by water, as for example by rainfall. 
There seems to be no escape from the conclusion that under 
natural conditions the growth of susceptible species will be in- 
hibited by the Encelia substance, and the possibility that the lack 
of desert associated annuals with Encelia is owing to the leaf pro- 
duced toxic substance would seem to merit attention. 


OTHER RECENT INVESTIGATIONS 


Another case of plant induced toxicity has been described by 
Bode (3) and later discussed in detail by Funke (10). Bode 
worked with Artemisia Absinthium which, like Encelia, contains 
in its leaves an inhibitor of the growth of other species. The 


active substance was tentatively indentified by Bode as absinthin, 
a glucoside of unknown composition which is secreted by glandular 
hairs of the leaves of Artemisia Absinthium. The toxic material 
is washed off by rainfall onto the ground around the Artemisia 
plant and may then severely stunt other species, for example, 
Salvia sclarea, Leviticum, Nepeta and Carum, this action extend- 
ing to distances as great as a meter from the Artemisia plant. 
Artemisia vulgaris, a shrubby species of growth and habit com- 
parable to Artemisia Absinthium, but which does not contain ab- 
sinthin, exerts no such inhibition. Experiments done with field 
plantings by Bode and by Funke established that Artemisia Ab- 
sinthium under these conditions also exerts an unfavorable effect 
upon a wide variety of other species. Thus the toxicity of Ar- 
temisia Absinthium toward other plants is reflected in the weed 
vegetation in fields of this crop. According to Funke (10), weeds 
resistant to Artemisia toxin are favored (Stellaria, Datura) over 
those inhibited by the toxin (Senecio). 


SUM MARY 


The alleged existence of plant toxic substances would seem at 
present to be somewhat better supported than it has been in the 
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past. The evidence that such substances affecting the growth of 
other plants do exist is best in the case of the two leaf-produced 
toxic substances of Encelia and of Artemisia. Good evidence is 
also available that guayule roots may give off a toxic substance. 
Substances inhibitory to growth have been shown to be contained, 
furthermore, in the roots of peach, brome grass, Robinia and black 
walnut, but whether these substances are given off to the soil, and 
whether they exert their effect in nature is at present unknown. 
Complete evidence that toxic substances are effective under normal 
or field conditions is available at present only in respect to Ar- 
temisia Absinthium and Encelia farinosa. In guayule, although 
toxic substances are produced, they are rapidly destroyed by the 
soil under conditions of guayule cultivation. The guayule sub- 
stance would not then appear to be of economic importance. 

Of more importance is the question of the extent to which 
specific toxic substances produced by certain species may be re- 
sponsible for ecological phenomena, such as the composition of 
plant communities or the sequence of particular species in a suc- 
cession. The observations on Encelia suggest that the toxic sub- 
stance produced by it may be of great importance in determin- 
ing the floristic composition surrounding this plant. The same is 
true of the observations on Artemisia in cultivation. Preliminary 
unpublished observations of the author suggest that numerous 
species of desert shrubs may, like Encelia, produce substances 
toxic to one or more other species. Association or non-association 
of different species as a result of specific chemical compounds 
secreted by them may therefore be of not uncommon occurrence, 
and it will be of great interest to determine the exact importance 
of this mode of plant interaction in other cases. 
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